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ABSTRACT
Molecular layer deposition (MLD), a gas phase deposition technique, was applied
to deposit conformal organic-inorganic hybrid coatings by conducting a series of
sequential, self-limiting surface reactions on substrates with exquisite thickness control at
the sub-nanometer level. Obtained organic-inorganic hybrid coatings can subsequently be
converted into porous coatings by removing the organic compound. Potential of functional
coatings and membranes prepared by MLD was explored for applications from adsorptive
separation, water purification, to gas storage.
We demonstrated a new concept, pore misalignment, to continuously fine tune the
molecular-sieving “gate” of 5A zeolite by adjusting the external porous Al2O3 MLD
coating thickness. For the first time, small organic molecules with sub-0.01 nm size
differences were effectively distinguished by size. As an extension of the pore
misalignment concept, a composite zeolite adsorbent was prepared by depositing an
ultrathin porous TiO2 coating on 5A zeolite by MLD. This composite adsorbent showed
great potential for effective C3H6/C3H8 separation based on both equilibrium and
adsorption kinetics differences (approximately 5 times higher ideal adsorption selectivity
and 44 times higher diffusivity, compared to uncoated 5A zeolite). MLD coated zeolite
(5A and 13X) composite adsorbents were also found to have great potential for CO2 capture
from flue gases; greatly enhanced CO2/N2 ideal adsorption selectivity was obtained, while
maintaining high CO2 adsorption capacity, by controlling calcination conditions.
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Molecular layer deposition was also used as a highly controllable method to prepare
TiO2 nanofiltration membranes by depositing microporous TiO2 coating on mesoporous
anodic aluminum oxide (AAO) support with excellent control of coating quality, thickness
and nanometer-sized membrane pores for water purification. Optimized TiO2
nanofiltration membranes had a pure water permeability as high as ~48 L/(m 2∙h∙bar). Salt
and dye rejection measurements showed moderate rejection of Na2SO4 (43%) and MgSO4
(35%) and high rejection of methylene blue (~96%). In addition, natural organic matter
(NOM) removal testing showed high rejection (~99%) as well as significantly improved
antifouling performance and recovery capability.
A novel concept of utilizing nanoporous coatings as effective nano-valves on
microporous adsorbents was developed for high capacity natural gas storage at low storage
pressure. For the first time, the concept of nano-valved adsorbents capable of sealing high
pressure CH4 inside the adsorbents and storing it at low pressure was demonstrated.
Traditional natural gas storage tanks are thick and heavy, which makes them expensive to
manufacture and highly energy-consuming to carry around. Our design uses unique
adsorbent pellets with nano-scale pores surrounded by a coating that functions as a valve
to help manage the pressure of the gas and facilitate more efficient storage and
transportation. The optimal nano-valved adsorbents comprise of a ~7.5 μm thick MCM-48
mesoporous layer coated on the outer surface of 5A beads. After modification by 3 cycles
of MLD, the steady state CH4 storage capacity of MLD-MCM-48-5A adsorbent (loading
pressure 50 bar, storage pressure 1 bar) was about 55.8-58.4% (40.7-42.6 V/V) of the
maximum capacity of the uncoated 5A beads in three CH4 storage cycles, which is about
200% higher than storage capacity of the uncoated 5A beads at the same storage pressure.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
1.1

SEPARATION BASED ON ADSORPTIVE PROCESS
Mixture separation constitutes a large and costly component of chemical and

petrochemical industrial processes. [1] Various separation technologies, such as solvent
extraction, distillation, crystallization, and adsorption etc., have been applied to separate
mixtures. [2] Among these technologies, separation based on adsorptive process, has been
widely considered as a low operation cost, low energy requirement, and low maintenance
method.[3-6] Adsorptive separation can be achieved based on the differences on either the
strength of adsorption (equilibrium-based separation) or the rate of adsorption (kineticsbased separation).[7] Most of the adsorptive separation processes are equilibrium-based
separation due to easier design and operation.[8] The core of the adsorptive separation
process is adsorbent. An effective adsorbent is capable of separating one component from
another based on the different interactions with them. In addition, adsorbents should also
possess high surface area, high porosity, reversible adsorption/desorption capability,
structure stability, and potential for surface modification.[9, 10] Adsorbents can be
classified into selective adsorption adsorbents and molecular sieving adsorbents based on
separation mechanism.[11] For selective adsorption adsorbents, which are the most
studied, the desired component interacts with adsorbents more strongly and thus result in
a more preferential equilibrated uptake versus the other.[12-14] In contrast, the much less
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extensively reported molecular sieving adsorbents are relying on size exclusion.[15, 16]
Apparently, development of more energy-efficient adsorptive separation process is
strongly related with the characteristics of the adsorbents.
Many porous materials have been prepared and explored for adsorptive separation
processes, including porous polymer,[17] activated carbon,[18] carbon nanotube,[19]
carbon molecular sieves[20], zeolites,[21-23] mesoporous metal oxides,[24] metal organic
frameworks (MOFs),[5] and zeolitic imidazolate frameworks (ZIFs) [7]. Among them,
zeolites are one of the most promising adsorbents that may realize true molecular-sieving
separation under harsh separation conditions, attributing to their uniform, molecular-sized
pores and high chemical, thermal and mechanical stabilities.[25]
1.1.1 CRYSTALLINE MICROPOROUS MATERIAL: ZEOLITES
Zeolites are crystalline aluminosilicates with uniform micropores in the range of
0.3 ~ 1.3 nm, and have been widely used as catalysts, ion-exchangers and adsorbents.[26,
27] They are well known as ‘molecular sieves’, due to their molecular-sized pores, which
only allow molecules smaller than the pore size to diffuse into, while excluding larger
molecules. Zeolite structures are composed of an infinitely extended three-dimensional,
corner-sharing AlO4 and SiO4 tetrahedra linked to each other by sharing of oxygen
atoms.[28] Each tetrahedral atom (T atom) is connected to four oxygen atoms, and each
oxygen atom is connected to two T atoms, where T may also be B, Ge, and Ga.[29, 30] A
pure tetravalent (Si, and Ge) framework is neutral. The presence of trivalent atoms (Al, B
and Ga) in the framework results in a net negative charge, which is balanced by cations
such as K+, Na+ and Ca2+ [31, 32]. The cations are relatively mobile and can be exchanged
with other cations.[33] Up to now more than 200 distinct framework structures of zeolites
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are known.[34] Each known framework structure is assigned a three letter code by
international zeolite associate (IZA).[35] For example, LTA is for linde type A [36], MFI
is for ZSM-5 [37], FAU is for faujasite [38], and CHA is for chabazite [39].
Zeolites have been studied and applied as adsorbent for many applications. Zeolite
4A (LTA-type zeolite) was studied for propylene/propane adsorptive separation.[23]
Zeolite ZSM-5 (MFI-type zeolite) and zeolite Y (FAU-type zeolite) were studied for
removal of CO2 from CO2/CH4 mixture by adsorptive separation.[22] Zeolite 13X (FAUtype zeolite) and zeolite 5A (LTA-type zeolite) were widely studied for CO2 capture from
CO2/N2 mixture.[40, 41] Zeolite NaKA (potassium exchanged LTA-type zeolite) showed
preferential adsorption of oxygen over nitrogen. [16] However, the pore sizes of traditional
zeolites are relative fixed and discrete from each other; for example, the well-known pore
openings are 0.38, 0.50, and 0.74 nm for SAPO-34 [42], 5A [36] and 13X zeolite [43]. It
is difficult to achieve highly efficient adsorptive separation for molecules with small size
differences without modification of zeolite pore sizes.
Pore size and/or structure of zeolites can be adjusted by several techniques.[44-47]
Ion exchange has been used as an effective way of adjusting the pore sizes of LTA-type
zeolites.[32] The framework of some zeolites, such as zeolite rho, may deform substantially
upon adsorption of some molecules, [44] ion-exchange, dehydration, and cation
relocation.[45, 46] A molecular sieve, ETS-4, has been shown to contract gradually
through dehydration at elevated temperatures so that its effective pore size can be adjusted
at approximately 0.01 nm step.[47] Despite a large selection pool of zeolites/molecular
sieves and available techniques to adjust their pore sizes, not all desired pore sizes can be
obtained for target separations. This is especially the case for separating molecules that are
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very close in size. In addition, pore modification and structure changes were always
realized by sacrificing adsorption capacity or internal cavity. [11, 47-49]
1.1.2

ADSORPTION ISOTHERM MEASUREMENT
Adsorption is usually described through isotherms, that is, the amount of adsorbate

(the molecule being adsorbed) on the adsorbent as a function of equilibrium pressure (gas
or vapor phase). The most common experimental technique for determining single
component adsorption isotherm is volumetric method (Figure 1.1) [50]. In the volumetric
method, the equilibrium adsorption uptake amount is measured in two steps. In the first
step, a specific gas/vapor is confined in a calibrated volume (reference tank), and the
amount of the gas/vapor in the reference tank can be calculated from the volume,
temperature, and pressure. In the second step, the valve is then opened and the gas/vapor
is expanded into the adsorption tank with a known amount of adsorbent and allowed to
equilibrate. The equilibrium amount of adsorbate in the gas/vapor phase can be calculated
from the final pressure, temperature, and the total volume of the system. The difference
between the initial amount and the amount in the gas/vapor phase at equilibrium is the
adsorbed amount. The volume of the adsorption tank with adsorbent is calibrated using
helium. Commonly, helium is assumed not to adsorb.[51] The next point on the adsorption
isotherm is then obtained by adding another calibrated dose of gas/vapor at higher pressure
and repeating the process. Another experimental method for measuring adsorption
isotherm is gravimetric method.[52] In the gravimetric method, the adsorption uptake
capacity is determined from weight change of adsorbent, after exposure to a specific
gas/vapor.

4

Pressure
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Figure 1.1 Schematic representation of the experimental set up of volumetric method for
adsorption isotherm measurement.

1.2

SEPARATION BASED ON MEMBRANE PROCESS
Besides adsorptive separation, membrane separation is also considered to be an

energy-efficient alternative to conventional separation processes.[53, 54] A membrane is
defined as a selective barrier between two homogeneous phases [55]. The influent of a
membrane is called the feed, and a feed flows into one side of a membrane and separates
into two streams: retentate (on the same side as the feed) and permeate (on the other side
of the membrane), as shown in Figure 1.2. The driving force for membrane separation is a
gradient of chemical potential or electrical potential between two separated phases at each
side of the membrane [56]. Some components are allowed to permeate through the
membrane into a permeate stream, whereas others are retained in the retentate stream.
Membrane separation is widely used for both gas separation and liquid filtration. The
separation performance of a membrane can be characterized by two fundamental
properties: one is mass transport rate, and the other one is separating capability.
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Retentate
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Membrane
Permeate

Figure 1.2 Schematic representation of the membrane-based separation process.
For gas separation membrane, the mass transport rate is represented by
permeability, and separating capability is represented by selectivity. [57] For a pure gas
(A) permeating through a membrane, the permeability 𝑃𝐴 is defined as:
𝑃𝐴 = (𝑁𝐴 ) × (𝑙)/(∆𝑝𝐴 )

(1.1)

where 𝑙 is the membrane thickness, 𝑁𝐴 is the steady-state gas flux, and ∆𝑝𝐴 is the pressure
difference between upstream and downstream. Selectivity of a membrane to separate two
gases is defined as follows:
𝛼𝐴𝐵 = 𝑃𝐴 /𝑃𝐵

(1.2)

where 𝑃𝐴 and 𝑃𝐵 are the permeability of gases A and B, respectively.
Gas separation membranes have been applied and/or widely studied in natural gas
purification (removal of CO2 and H2S), CO2 capture (removal CO2 from flue gas),
hydrogen recovery from ammonia purge gas, olefin/paraffin separation, and nitrogen
enrichment (oxygen-nitrogen separation) [58-61].
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For liquid filtration membranes, the mass transport rate is represented by flux; and
separating capability is represented by rejection (retention) [62]. Flux is defined as the
liquid volume flowing though the membrane per unit area, and per unit time:
𝐽 = 𝑉/(𝐴𝑚 × 𝑡)

(1.3)

where 𝑉 is the total collected volume of the permeate after permeation time 𝑡, 𝐴𝑚 is the
membrane area. Rejection is calculated as a function of the permeate concentration and
feed concentration by:
𝑐𝑝

𝑅 = (1 −

𝑐𝑓

) × 100%

(1.4)

where 𝑐𝑝 and 𝑐𝑓 is the concentration of solute in the permeate and feed solution,
respectively.
Liquid filtration, including microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO) as listed in Table 1.1, is typically carried out by a pressuredriven process. MF membranes have the largest pore size typically from 10 to 0.1 µm, and
normally operate under low pressure (< 1 bar) [63]. UF membranes are also recognized as
a low-pressure membrane filtration process [64], with pore sizes from 0.1 to 0.01 µm [65].
Pore size of NF membranes ranges from 0.01 to 0.001 µm [66], and RO membranes have
the smallest pore size (< 0.001 µm) [67].
Table 1.1: Comparison of liquid filtration membranes
Membrane type
Microfiltration
Ultrafiltration
Nanofiltration
Reverse Osmosis

Symbol
MF
UF
NF
RO

Pore size, µm
10.0-0.1
0.1-0.01
0.01-0.001
<0.001
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Operating pressure, bar
<1
1-3.5
5-20
15-70

Among these pressure-driven liquid filtration processes, NF membranes are
relatively recently developed. They are now widely used in water treatment for drinking
water production and wastewater treatment, as well as pretreatment for desalination owing
to their ability to completely remove suspended solids, bacteria, viruses, and partially
remove some multivalent ions (Figure 1.3).[68-71] Comparing with traditional RO
membrane, NF membranes offer the potential for a wider range of ion selectivity and can
be operated at a relatively low pressure drop with a higher flux.[72] This opens lots of
doors for a variety of separation applications across many industries, ranging from sulfate
removal from sea water to lactose concentration in demineralization of dairy processing,
to the concentration of sugars in the food industry, as well as the wastewater treatment in
textile printing and dyeing industry.[70] NF membranes are generally classified into two
major groups based on membrane material: organic/polymeric and inorganic ceramic
membranes.[73] The dominant material of NF membranes is polymers, such as cellulose
acetate, polyamide, polyimide, and poly(ether)sulfone.[70, 74] Most of the polymeric NF
membranes have advantages of flexibility, simple preparation process, and relatively low
cost.[68] However, their application is limited to moderate temperature and feed streams
that are not too corrosive.[73] Ceramic NF membranes are usually manufactured from
inorganic material, such as alumina (Al2O3), zirconia (ZrO2), silica (SiO2), and titania
(TiO2).[75, 76] Comparing with polymeric NF membranes, ceramic NF membranes have
better chemical (pH 1-14), thermal (up to 500℃) and mechanical stability, long lifetime,
and thus may be used in applications under extreme operating conditions.[68] Currently,
ceramic NF membranes are usually prepared by solution-based sol-gel method.[77, 78]
The basic idea is the hydrolysis of metal akoxide; the hydrolysis reaction rate is very fast,
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and many factors may influence the membrane quality. Typically, in this process, a gel
needs to be carefully prepared from a colloidal or polymeric solution by adding organic
additives to control the hydrolysis and condensation of alkoxides.[79, 80] In addition,
membrane thickness cannot be precisely controlled at the sub-nanometer scale. This may
severely limit sol-gel method for preparing ultrathin, high flux ceramic NF membranes.
More importantly, pore sizes of ceramic NF membranes, prepared by the sol-gel method,
are difficult to be precisely controlled at about 1 nm, especially for stable metal oxides,
such as TiO2. Attempts to prepare TiO2 NF membranes started from 1990s, and the average
pore sizes obtained in these initial studies were in the range of 1.5~4.0 nm.[79-83] To date,
the tightest reported TiO2 NF membranes, prepared by optimizing the sol-gel processing
conditions, had a pore size of ~0.9 nm.[77, 80] Hydrolysis conditions of titanium alkoxides,
however, need to be strictly controlled because of the extremely fast hydrolysis rate to
avoid any local excess of water at any moment.[77] Therefore, new methods with easier
operations, and better thickness and pore size control are needed for ceramic NF membrane
preparation.

Water

Monovalent
Ions

Multivalent
Ions

Viruses

Bacteria

Suspended
solids

Nanofiltration

Figure 1.3 Nanofiltration membrane process characteristics.
1.3

METHANE STORAGE
Methane, the predominant component of natural gas, is considered as an alternative

clean fuel for vehicles due to the lowest ratio of CO2 emissions to energy supplied. [84-86]
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In recently years, the fracking technology dramatically makes natural gas retrieving from
shale much more cost-effective.[86] Therefore, there is an increasing concentration on the
development of natural gas vehicles (NGV). However, the widespread use of methane as
fuel for transportation depends on safe and high-energy density storage of methane. Natural
gas is typically stored in a cryogenic tank as liquefied natural gas (LNG) at 113 K due to
the low critical temperature of methane ( Tc = 191 K) or as compressed natural gas (CNG)
at 200-300 bar in pressure vessels which requiring an heavy equipment and expensive
multistage compression.[85, 87] A promising alternative is adsorbed natural gas (ANG),
where the gas is stored as an adsorbed phase in porous materials. However, CH4 storage
capacity of current adsorbents at ambient temperature and moderate pressure, typically at
35 bar, is much lower than the CH4 storage volumetric target set by U.S. Department of
Energy (DOE) which corresponds to 263 V (STP: 273.15 K, 1 atm)/V.[86, 88] Therefore,
it is critical to develop a new method capable of storing high capacity CH4 within the
adsorbents at a relatively low pressure that facilitates more efficient storage and
transportation.
1.4

ATOMIC/MOLECULAR LAYER DEPOSITION
Atomic layer deposition (ALD), originally called atomic layer epitaxy (ALE), was

invented in the 1970s by T. Suntala and coworkers for producing high-quality, large-area
flat panel displays based on thin film electroluminescence (TFEL).[89] In the early days of
its development, ALD was limited to deposit epitaxial layers of II-VI or III-V
semiconductors.[90] However, the requirement of nano-thin films and miniaturization of
devices in semiconductor industry has led to the enormous development of ALD in recent
years.[91] To date, ALD is considered as a powerful technology for depositing conformal
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thin films, such as metal oxides [92], nitrides [93], sulfides [94], and metals [95] with the
thickness down to several nanometers.
ALD is based on sequential, self-limiting surface reactions to deposit thin films in
a cyclic manner. Most of the ALD processes use two chemicals, typically called precursors.
Normally one growth cycle consists of six steps: 1) exposure of the substrate surface to the
first precursor, 2) chemisorption of the first precursor onto the substrate, 3) purge of the
reaction chamber with inert gas to remove the excess unreacted precursor and by-products,
4) exposure of the substrate surface to the second precursor, 5) surface reaction to produce
the thin film, and 6) a further purge of the reaction chamber to remove the second unreacted
precursor and by-products.[96] The growth cycles are repeated as many times as required
for the desired film thickness. A schematic showing the successive, self-limiting surface
reactions during Al2O3 ALD is illustrated in Figure 1.4. ALD of Al2O3 using
trimethylaluminum (TMA) and water is one of the most commonly studied ALD processes,
because of its wide applications and ease of growth on a wide range of substrates. As with
any ALD process, the reactions on the surface can be separated into two half reactions:
Al-OH* + Al(CH3)3 → Al-O-Al-CH3* + CH4
Al-CH3* + H20 → Al-OH* + CH4

(1.5)
(1.6)

where the asterisks denote the surface species.
Molecular layer deposition (MLD) is similar to ALD and can be used to deposit
ultrathin inorganic-organic hybrid films with precise control of thickness on a variety of
substrates.[97-99] During deposition, again two self-limiting half reactions are used
alternately to introduce metal source and organic source into the hybrid film. Each set of
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half-reaction deposits a layer that conforms to the surface of the underlying substrates. A
layer of desired thickness can be deposited by repeating the reaction sequence. The film
thickness can be controlled at the sub-nanometer level because each half reaction is selflimiting. MLD growth has been demonstrated for a variety of organic-inorganic hybrid
coatings by using suitable metal and organic precursors [100]. One of the first examined
hybrid organic-inorganic materials grown by MLD was “alucone” based on the reaction
between TMA and ethylene glycol (EG) [101]. The EG molecule, HO-CH2-CH2-OH,
contains two hydroxyls groups and is analogous to H2O as a reactant in Al2O3 ALD. The
difference is that the -CH2-CH2- molecular fragment is introduced into the hybrid organicinorganic film. A schematic showing the growth of the alucone based on TMA and EG is
displayed in Figure 1.5. In the first half-reaction, TMA reacts with surface hydroxyl groups
to generate CH4 and replace hydroxyl groups with methyl groups; after removing gas phase
excess TMA, ethylene is introduced to react with terminal methyl groups and regenerate
surface hydroxyl groups. This vapor-phased based deposition method does not require
solvents or catalysts [100], and operates at relatively low temperature (100 - 175 ºC) [36,
101].

Figure 1.4 Illustration of surface chemistry for Al2O3 ALD using TMA and H2O as
precursors.
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Figure 1.5. Schematic depicting alucone MLD growth using TMA and EG.
Compared with the dense inorganic coatings prepared by ALD, MLD growth has
been demonstrated for a variety of organic-inorganic hybrid coatings by using suitable
metal and organic precursors.[100] The obtained organic-inorganic hybrid coatings can
subsequently be converted into porous coatings by removing the organic compound by
calcination in air, annealing or wet-etching procedures [36, 102-104].
1.4.1 CHARACTERISTICS OF MOLECULAR LAYER DEPOSITION
MLD has its own distinct advantages over other coating deposition methods. First,
MLD provides exquisite control of the coating thickness down to several angstroms by its
layer-by-layer growth mechanism. Taking alucone MLD for example, the coating
thickness grows linearly with the number of MLD cycles with a growth rate of 0.4 Å/cycle
at 175 ℃ [101]. Second, MLD can achieve conformal, pinhole free, and uniform coating
on substrates even with high-aspect-ratio features/complex three-dimensional (3D)
structures because of its self-limiting nature. [105, 106] Physical vapor deposition (PVD)
and chemical vapor deposition (CVD) are well-known thin film deposition techniques.
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However, compared with MLD, PVD shows very poor step coverage and limited
rearrangement, and line-of-sight deposition. Films prepared by PVD will be coated more
heavily directly above the source. Therefore, large surface area or higher aspect ratio
substrates can not be coated uniformly. CVD has been widely used for depositing coatings
on substrates with high aspect ratio features with the presence of laminar gas flow. MLD
is a special variant of the well-known chemical vapor deposition (CVD) method. However,
the difference between MLD and CVD is obvious. CVD techniques are not able to
effectively control the use of precursors because the precursors react at the same time on
the surface and in the gas phase and precursors can decompose, whereas MLD comprises
of self-limiting chemical reactions between precursors and a surface. In addition, CVD will
leave defects and pinholes in the deposited film,[107-109] whereas the self-limiting nature
of MLD gives rise to a conformal growth behavior and an additional control over the whole
coating thickness.
1.4.2 CHARACTERIZATION TECHNIQUES FOR MOLECULAR LAYER
DEPOSITION
In situ mass spectrometry can be used to monitor products in gas phase and
reactants in the MLD reactions [98]. In situ quartz crystal microbalance (QCM) can be
used to examine the growth dynamics of the deposition [110]. X-ray reflectivity (XRR)
can be used for evaluating MLD coating growth rate and density [110]. The crystallinity
of the MLD coatings can be examined by X-ray diffraction (XRD) [36]. The topography
and roughness of the MLD coating can be investigated by using atomic force microscopy
(AFM) [111]. Fourier transform infrared (FTIR) spectroscopy can be applied for analyzing
the chemical state of the MLD coatings [112, 113]. The composition of the MLD coating
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can be studied by X-ray photoelectron spectroscopy (XPS) [36]. Transmission electron
microscopy (TEM) was used to observe MLD coating thickness and estimate the MLD
coating growth rate [36, 103]. Pore size distribution of porous MLD coatings can be
calculated by using N2 adsorption isotherm at -196 °C [114].
1.4.3 APPLICATIONS OF MOLECULAR LAYER DEPOSITION
MLD can be used to deposit conformal organic-inorganic hybrid coatings with
precisely controlled thickness, and the hybrid coating can be subsequently converted into
ultrathin porous coatings after removing the organic components. Therefore, MLD has
been explored for applications in many areas, such as surface modification, nanoparticle
encapsulation, and photocatalytic films.
Gong et al. reported a novel application of aluminum alkoxide MLD coatings for
polydimethylsiloxane (PDMS) surface modification to increase its wetting properties and
stability [115]. PDMS is an important polymer material widely used for microfluidic device
and lithography [116, 117]. However, the hydrophobic nature of PDMS severely limits its
application in aqueous solutions. Alter 100 cycles of MLD deposition, the hydrophilicity
of PDMS substrate was greatly enhanced, with the water contact angle decreased from
~116 to 40°, and the contact angle remains stable in air for 14 days.[115] Aluminum
alkoxide MLD coatings were prepared using TMA and glycidol.
Qin et al. reported a method to form small size and good dispersion Cu oxide
nanoparticles by annealing the hybrid MLD coating encapsulated metal nanoparticles in
air [118]. The MLD hybrid coating was prepared by using TMA and EG; after organic
components removal, the hybrid MLD coating was converted to porous Al2O3 coating. The
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channels of porous Al2O3 coating led to the fragmentation of Cu nanoparticles, and
facilitated copper outward diffusion and inhibited oxygen inward diffusion due to the
smaller size of Cu atom.
Liang et al. used the MLD thin coating to prepare thermally-stable, highlydispersed metal nanoparticle catalysts [119]. Supported noble metal catalysts deactivate at
high temperature when these metal particles sinter to from larger particles [120]. Porous
Al2O3 coating was prepared by using TMA and EG followed by calcination in air at 400
ºC. The thermal stability of metal particles was studied by holding the catalysts at elevated
temperature for 4 h. A catalyst with 40 cycles of MLD coating showed greatly improved
thermal-stability compared with original uncoated catalysts after calcination in air even at
800 ºC.
Sheng et al. reported a metal core with porous MLD coating shell to be used as a
size-selective catalyst [121]. Alucone MLD coating was deposited using TMA and EG.
Porous Al2O3 coating was then formed by oxidation in air at 400 ºC. The size selective
effect was demonstrated by catalytic hydrogenation of olefins (n-hexene, and ciscyclooctene). For uncoated catalyst, the conversion of n-hexene and cis-cyclooctene was
9.1% and 6.9%, respectively. With ~4 nm thick of Al2O3 coatings, no obvious ciscyclooctene conversion (<0.02%) was observed. In contrast, conversion of n-hexene only
decreased to 4.5%. It is believed that the porous Al2O3 coatings allows smaller reactants,
n-hexene, to access the encapsulated active sites, and excludes the reactants with larger
molecular size.

16

Ishchuk et al. deposited titanium alkoxide using TiCl4 and EG as precursors for
highly active photocatalytic films [122]. The photocatalytic performance was examined by
porphyrin decomposition. The best photocatalytic performance was obtained when the
titanium alkoxide MLD annealed at 650 ºC by producing an intermediate state of crystalline
regions embedded in an amorphous film.
Yu et al. deposited a 10-nm thick alucone MLD coating using TMA and EG as
precursors on synthesized SAPO-34 zeolite membranes, to evaluate the potential of using
microporous MLD coating to reduce SAPO-34 zeolite pores [123]. After the organic
component was removed by oxidation, the resulting ultra-thin microporous layers
increased the H2/N2 selectivity of the SAPO-34 membranes; the highest selectivity was
1040, in strong contrast with the selectivity of 8 for SAPO-34 membranes without coating.
The H2/CO2 selectivity also increased significantly from ~1.3 to 23.2.
1.5

THESIS SCOPE
The main objective of this thesis is to study the ultra-thin porous metal oxide

coatings prepared by molecular layer deposition (MLD) technique, to characterize the
microstructure of MLD coatings, and to utilize their structural properties for adsorptive
separation, water purification and gas storage. Chapter 2 introduces a new concept, pore
misalignment, to continuously adjust the effective pore size of 5A zeolite for small organic
molecules separations by controlling the Al2O3 MLD coating thickness. In chapter 3, a
composite zeolite adsorbent was prepared by depositing TiO2 MLD coating on the external
surface of 5A zeolite for CO2/CH4, CO2/N2 and C3H6/C3H8 separation. Chapter 4 reports
the separation performance of MLD coated zeolite composite sorbents can be further
improved by controlling the calcination processing conditions for high efficient CO2
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capture. In chapter 5, MLD was used as a highly controllable method to prepare TiO2
nanofiltration membranes for water purification. Chapter 6 demonstrates a novel concept
of utilizing nanoporous coatings prepared by hydrothermal method and MLD modification
as effective nano-valves on microporous adsorbents for high capacity natural gas storage
at low storage pressure. Chapter 7 summarizes conclusions.
1.6
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CHAPTER 2
CONTINUOUSLY ADJUSTABLE, MOLECULAR-SIEVING “GATE”
ON 5A ZEOLITE FOR DISTINGUISHING SMALL ORGANIC
MOLECULES BY SIZE

2.1

ABSTRACT
Zeolites/molecular sieves with uniform, molecular-sized pores are important for

many adsorption-based separation processes. Pore size gaps, however, exist in the current
zeolite family. This leads to a great challenge of separating molecules with size differences
at ~0.01 nm level. Here, we report a novel concept, pore misalignment, to form a
continuously adjustable, molecular-sieving “gate” at the 5A zeolite pore entrance without
sacrificing the internal capacity. Misalignment of the micropores of the alumina coating
with the 5A zeolite pores was related with and facilely adjusted by the coating thickness.
For the first time, organic molecules with sub-0.01 nm size differences were effectively
distinguished via appropriate misalignment. This novel concept may have great potential
to fill the pore size gaps of the zeolite family and realize size-selective adsorption
separation.
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2.2

INTRODUCTION
Zeolites/molecular sieves are one of the most promising adsorbents that may help

realize true molecular-sieving separation, because of their uniform, molecular-sized pores
(0.3~1.3 nm) and high chemical, thermal, and mechanical stabilities [1]. Pore size gaps,
however, exist in the current zeolite family, which leads to the difficulty in separating
molecules with small size/shape differences, especially at the 0.01 nm level.
Pore size of zeolites/molecular sieves can be adjusted by several techniques,
including ion exchange [2], framework control [3-7], and zeolite external surface
modification [8-10]. Ion exchanges have been used as an effective way of adjusting the
pore sizes of LTA (Linde Type A) zeolites.[2] The framework of some zeolites, such as
zeolite rho, may deform substantially upon adsorption of some molecules [3]. A molecular
sieve, ETS-4, has been shown to contract gradually through dehydration at elevated
temperatures so that its effective pore size can be adjusted at approximately 0.01 nm
step.[4] Recently, a novel method, called ADOR (assembly-disassembly-organizationreassembly), is applied to chemically selectively remove germanium from germanosilicate
zeolite UTL in a top-down strategy to prepare a series of IPC zeolites with continuously
tuneable surface area and micropore volume [5-7]. Pore opening size of mordenite zeolite
was reduced at 0.1 nm level by chemical vapor deposition (CVD) of silica coatings on the
external surface of zeolites [8]. The CVD modified ZSM-5 zeolite showed increased shape
selectivity of xylene isomers, and HZSM-5 zeolite showed enhanced para-selectivity in the
methylation of toluene [9, 10]. But, the pore opening reduction mechanism for CVD
modified zeolite was not clear [8-10]. Despite a large selection pool of zeolites/molecular
sieves and available techniques to adjust their pore sizes, not all desired pore sizes can be
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obtained for target separations. This is especially the case for separating molecules that are
very close in size. In addition, pore modification and structure changes were always
realized by sacrificing adsorption capacity or internal cavity [4, 11-13]. Here, we report,
for the first time, a bottom-up approach, precise pore mouth size adjustment for 5A zeolite
from 0.5 to 0.46 nm without sacrificing internal cavity by pore misalignment; organic
molecules with size differences as small as 0.01 nm were effectively distinguished by
appropriate misalignment.
2.3

EXPERIMENT RESULTS AND DISCUSSION
We used molecular layer deposition (MLD) to form a conformal hybrid aluminum

alkoxide (alucone) coating on the 5A zeolite surface (Supplementary Materials). The
hybrid alucone coating was subsequently calcined in air to remove the organic compound
to generate a porous alumina coating [14]. MLD provides exquisite control of the coating
thickness at the sub-nanometer level and thus achieves conformal coating on substrates
even with high-aspect-ratio features [15-19]. Figure 2.1a shows a transmission electron
microscopy (TEM) image of 5A zeolite with 60 cycles of MLD; after calcination an
approximately 20 nm thick coating was deposited on the 5A zeolite surface, corresponding
to a nominal porous alumina deposition rate of 0.33 nm/cycle. The weight percentage of
60 cycles of MLD coating on 5A zeolite is estimated to be < 2% by applying the coating
density [19] and thickness, 5A zeolite solid density [20], and external surface area of 5A
zeolite crystals, estimated from the average particle size and shape (Figure 2.9 in
Supplementary Materials). X-ray photoelectron (XP) spectra (Figure 2.1b) shows after 120
cycles of MLD, silicon (2p binding energy at 102.3 eV) in 5A zeolite can hardly be seen
due to the shorter excited electron mean free path than MLD coating thickness; the MLD
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coatings are composed of alumina (Table 2.1 and Figure 2.10 in Supplementary Materials).
X-ray diffraction (XRD) confirmed LTA zeolite structure before and after MLD, and MLD
coatings did not change zeolite structure (Figure 2.11 in Supplementary Materials).
Brunauer–Emmett–Teller (BET) measurement and N2 sorption analysis show that 5A
zeolites with and without MLD coatings had almost identical surface area (343.5 ± 8.3
m2/g) (Figure 2.1c), and identical micropore volume (0.20 cm3/g) (Figure 2.1c), argon
sorption analysis further confirms there is no change in micropore volume after MLD
coating deposition (Figure 2.12e), suggesting coatings were only on the external surface of
5A zeolite and the internal cavity of the zeolite was maintained. We also measured vapor
adsorption isotherm of the MLD precursor, trimethyl aluminum (TMA), and found
negligible adsorbed amounts (Figure 2.6 in Supplementary Materials). Therefore, MLD
coatings are expected to be only on the external surface of 5A zeolite, instead of inside the
zeolite pores. To further confirm the ultrathin MLD coating is on the 5A zeolite surface
and has negligible effect on the internal cavity of 5A zeolite, we also measured CH 4
adsorption isotherms on 5A zeolite and 5A zeolite with different cycles of MLD coatings
(Figure 2.1d); almost identical CH4 adsorbed amounts were found, indicating ultrathin
MLD coating did not enter zeolite internal pores. These results demonstrate that ultrathin,
porous MLD coatings were deposited only on the external surface of 5A zeolite.
We measured vapor adsorption isotherms of organic molecules with different
sizes/shapes (critical diameter: ethanol, 0.450 nm; 1-propanol, 0.456 nm; 1-butanol, 0.463
nm; acetone, 0.479 nm; and 2-propanol, 0.490 nm (Figure 2.5 in Supplementary Materials))
to explore the effective pore sizes (Figure 2.8 in Supplementary Materials). Figure 2.2a
shows the sorption capacity of different molecules on 5A zeolite and 5A zeolite with
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different cycles of MLD coatings, corresponding to different coating thicknesses. 5A
zeolite adsorbs all these molecules because its pore size is larger than them. Also, 5A
zeolite shows low ideal adsorption selectivity for these molecules due to the small size
differences of these molecules and the similar adsorption strength, with the highest for
ethanol over acetone (~4). We found these organic molecules, from the largest molecule

Figure 2.1 Characterization of 5A zeolite and 5A zeolite with molecular layer deposition
(MLD) coatings. (a) Transmission electron microscopy (TEM) image of 5A-Zeolite-60.
(b) X-ray photoelectron spectra (XPS) of Si 2P of 5A zeolite and 5A zeolite with different
cycles of MLD coating on 5A zeolite. (c) BET surface area of 5A zeolite and 5A zeolite
with different cycles of MLD coatings (●), and micropore volume of 5A zeolite and 5A
zeolite with different cycles of MLD coatings (■). Error bar is given automatically by
Micromeritcs ASAP 2020 unit. (d) CH4 adsorption isotherms at 20℃ on 5A zeolite (■),5AZeolite-30 (○), and 5A-Zeolite-60 (∆). Solid black line is a fit of adsorption points of CH4
on 5A zeolite by the Langmuir model. All MLD coatings have been calcined in air
following the procedure described in the supplementary information.

(2-propanol) to the second smallest molecule (1-propanol), were excluded from the zeolite
pores one by one with the increase of MLD cycles, indicating effective pore size decreased
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gradually. Figure 2.2b summarizes the pore size change with the coating thickness, and a
clear gradual decrease trend of the pore size can be seen. This demonstrates the effective
pore size can be precisely controlled at a step change of approximately 0.01 nm by
controlling the coating thickness or MLD cycles. In addition, sorption capacity of the
smallest molecule, ethanol, decreased only approximately 15% with the increase of MLD
cycles up to 60, while rejecting larger molecules. Two most probable mechanisms may
result in the observed effective pore size reduction: 1) the decreasing micropore size in the
MLD coating with the increase of MLD cycles; 2) the reducing interface pores between
the MLD coating and the 5A zeolite pores due to the pore misalignment, as depicted in
Figure 2.2c, which slightly and gradually reduces the zeolite pore entrance size or forms a
molecular “gate” at the entrance. We propose pore misalignment as the pore reduction
mechanism, whereas the first possibility is much less likely based on more evidences
discussed in the next paragraphs. In addition, due to the amorphous feature of the MLD
coating, we expect the extent of pore misalignment is not exactly the same above all the
zeolite pores, and thus a pore entrance size distribution is likely.
We conducted a series of experiments to investigate the pore reduction mechanism,
as discussed below. Figure 2.3a shows that after pre-adsorbing 2-propanol, the CH4
adsorbed amounts on 5A zeolite with 30 cycles of MLD coating (5A-Zeolite-30,
abbreviation will be used in the following description) did not change and were essentially
the same as those on bare 5A zeolite. However, 5A zeolite, after pre-adsorbing 2-propanol,
had negligible CH4 uptake. Apparently, without the microporous coating 5A zeolite pores
have been occupied by 2-propanol, while with 30 cycles of MLD all the zeolite pores are
available for CH4 adsorption. This is consistent with the result in Figure 2.2a, which
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shows5A-Zeolite-30 successfully excluded 2-propanol. Although pre-adsorbed 2-propanol
had negligible effects on equilibrium CH4 uptake, it drastically influenced CH4 uptake

Figure 2.2 Exclusion of organic molecules with different sizes by 5A zeolite and 5A zeolite
with MLD coatings. (a) Adsorption capacity of molecules on 5A zeolite and 5A zeolite
with different cycles of MLD coating: ethanol (□), 1-propanol (○), 1-butanol (◊), acetone
(∆), and 2-propanol ( ); equilibrium pressure is at 50% of the saturation pressure of each
component. Error bar shows standard deviation of triplicate measurements. (b) Molecular
“gate” sizes with different thickness of microporous alumina coatings; the “gate” size is
defined as the average of the smallest excluded molecule and the largest molecule that can
be adsorbed; an excluded molecule is defined as a molecule whose adsorbed amount is less
than 10% of that in 5A. (c) Schematic representation of the proposed pore size reduction
mechanism: misalignment of the micropores of the MLD coating with 5A zeolite crystal
pores.

kinetics. Figure 2.3b shows that CH4 uptake rate is almost the same on 5A zeolite and5AZeolite-30. This makes sense because the “gate” size (> 0.47 nm) of 5A zeolite with
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ultrathin MLD coating is too large to affect the CH4 (kinetic diameter: 0.38nm [21]) uptake
rate. After pre-adsorbing 2-propanol on 5A-Zeolite-30 for 90 minute, CH4 uptake rate
decreased approximately 50 times, as suggested by the diffusivity difference, calculated
from the short time update results [22]. Since 2-propanol can’t enter zeolite pores of 5AZeolite-30, the drastically slowed CH4 uptake rate must be due to the blocking of MLD
coating pores by pre-adsorbed 2-propanol. Therefore, we conclude MLD coating pores
must be larger than 2-propanol, but the “gate” size is smaller than 2-propanol so that it
can’t enter 5A zeolite pores. When a much larger molecule, 2, 2-dimethylbutane (DMB)
(kinetic diameter: 0.63 nm [23]), was used to pre-adsorb on5A-Zeolite-30, the CH4 uptake
rate was hardly influenced. Apparently, DMB can’t be adsorbed in the MLD coating pores
and thus had negligible influence on CH4 uptake. In these uptake experiments, the
equilibrium CH4 adsorbed amounts (M∞) for 5A zeolite, 5A-Zeolite-30, and 5A-Zeolite30after pre-adsorbing 2-propanol and DMB were very close to each other (0.70, 0.68, 0.66
and 0.69 mmol/g, respectively). Therefore, comparison of CH4 uptake processes is fair. We
also measured ethanol adsorption kinetics on 5A zeolite and 5A zeolite with different cycles
(30 and 60) of MLD coatings (Figure 2.7). Much slower ethanol uptake rate after MLD
coating was observed, but different thickness of MLD coatings had negligible effect on
ethanol uptake rate. This again suggests the major transport resistance is not in the MLD
coating layer.
To further rule out the possibility that the narrowest pore or transport resistance is
at the external surface of the MLD coatings or in the MLD coatings, we crushed samples
with 60 cycles of MLD coating (5A-Zeolite-60C) in an attempt to damage the MLD
coating. TEM image (Figure 2.14a in Supplementary Materials) showed that after crushing
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the MLD coating was partially damaged and showed irregular surface morphology. XP
spectra (Figure 2.14b in Supplementary Materials) showed drastically increased amount of

Figure 2.3 Adsorption isotherms and kinetics of CH4 on 5A zeolite and 5A-Zeolite-30 at
20℃. (a) Adsorption isotherms of CH4 at 20℃ on 5A zeolite (solid black line), 5A zeolite
with pre-adsorbed 2-propanol ( ), and 5A-Zeolite-30with pre-adsorbed 2-propanol (■).
Error bar shows standard deviation of triplicate measurements. (b) CH4 adsorption kinetics
on 5A zeolite (solid black line), 5A-Zeolite-30(dash red line), 5A-Zeolite-30 pre-adsorbed
with 2,2-dimethyl butane (dot green line), and 5A-Zeolite-30 pre-adsorbed with 2-propanol
(dot yellow line); Mt is adsorbed amount of CH4 at time t, and M∞ is adsorbed amount at
equilibrium.

exposed silicon, compared with that without crushing. This again suggests the damage of
MLD coating and thus is consistent with the TEM image. However, vapor adsorption
isotherms of 2-proponal on 5A-Zeolite-60C was essentially the same as that before
crushing (Figure 2.15 in Supplementary Materials). This indicates crushing damaged the
MLD coating but did not change the interface between the MLD coating and 5A zeolite.
Apparently, the narrowest pores are neither on the external surface of MLD coatings nor
in the MLD coatings, but at the interface of the MLD coating and zeolite pores. These
adsorption kinetics and equilibrium results strongly support that the narrowest size of MLD
coated 5A zeolite must be at the interface between the MLD coating and the 5A zeolite
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pores and pore misalignment is the actual mechanism. We speculate the extent of
misalignment is related with the thermal stress generated at the interface during calcination.
Analytical modelling study [24] has shown that interfacial shear stress due to
thermomechnical loading increases with the increase of the adhesive/coating thickness, and
thus larger shift/displacement is expected with thicker coatings (also see analysis in Figure
2.16 in Supplementary Materials).
The designable 5A zeolite with desired molecular-sieving “gate” offers a new
opportunity for separating small organic molecules based on size differences as small as
0.01 nm. Figure 2.4a shows adsorption isotherms of ethanol and 1-butanol on 5A-Zeolite60, and an ideal selectivity as high as ~196 has been obtained, in strong contrast with ~ 4
for 5A zeolite, showing its potential for extracting ethanol from 1-butanol, for example, in
catalytic conversion of ethanol into 1-butanol [25-29]. In addition, 5A-Zeolite-30 may be
used for 1-butanol/acetone separation (Figure 2.4b) in the second important large-scale
industrial fermentation, acetone butanol ethanol (ABE) fermentation [30]. 5A-Zeolite-20
may be used for acetone/2-propanol separation (Figure 2.4c) in the hydrogenation of
acetone to 2-propanol [31] These examples suggest 5A zeolite can be rationally designed
via appropriate pore misalignment by MLD to obtain desired molecular “gate” sizes for
size-selective adsorption separation. We also measured 50/50 ethanol/butanol liquid
mixture adsorption on 5A zeolite and 5A-Zeolite-60 and found that the adsorbed phase
contains ~10% butanol in 5A zeolite but <0.5% in 5A-Zeolite-60, indicating great potential
of MLD coated 5A for molecular-sieving separation of liquid mixtures.
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2.4

SUPPORTING INFORMATION

2.4.1 MATERIALS AND METHODS
2.4.1.1 MOLECULAR LAYER DEPOSITION ON 5A ZEOLITE
We used 5A zeolite pellets from W.R.Grace & Co.-Conn. Zeolite pellets were
firstly outgassed at 200°C for 4 h. The alucone MLD coatings were prepared by using

Figure 2.4 Adsorption isotherms of organic molecules at 20oC on 5A zeolite with different
cycles of MLD coatings. (a) ethanol and 1-butanol on 5A-Zeolite-60; Error bar shows
standard deviation of triplicate measurements. (b) 1-butanol and acetone on 5A-Zeolite30; (c) acetone and 2-propanol on 5A-Zeolite-20. P is the vapor pressure, and P0 is the
saturation pressure. P0(Ethanol)=50 Torr, P0(1-Butanol)=7 Torr, P0(Acetone)=201 Torr, P0(2Propanol)=36 Torr.
trimethyl aluminum (TMA) (Al(CH3)3; 97%, Sigma Aldrich) and ethylene glycol
(HO(CH2)2OH; 99%, Alfa Aesar) as precursors. Each MLD cycle started with 240 s
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vacuum. Ethylene glycol was then introduced into the reactor until a pressure of 50 mTorr
and settled for 120 s, and then 240 s vacuum was followed to evacuate extra unreacted
ethylene glycol. Ultrahigh purity N2 (Airgas) was used as the purge gas at 20 sccm for 30
second. Then 240 s vacuum was applied to evacuate N2. After that, TMA was fed into the
reactor until a pressure of 300 mTorr and then settled for 120 s, followed by 240 s vacuum
to evacuate extra unreacted TMA. Ultrahigh purity N2 (Airgas) was again used as the purge
gas at 20 sccm for 30 second. Then 240 s vacuum was applied to evacuate N2. This whole
process finishes one MLD cycle. MLD reactions were conducted at 100 °C. Then the
coated samples were heated in air from room temperature to 250°C at a rate of 1°C/min,
kept at 250°C for 4 h, and then cooled to room temperature at the same rate.
2.4.1.2 ADSORPTION EQUILIBRIUM AND KINETICS MEASUREMENTS
Adsorption isotherms of ethanol (99.5%, Sigma-Aldrich), 1-propanol (99.5%, Alfa
Aesar), 1-butanol (99%, Sigma-Aldrich), acetone (99.5%,VWR) and 2-propanol (99%,
Sigma-Aldrich) on 5A zeolite and MLD coated 5A zeolite were measured by a volumetric
method using a home-built adsorption system. Sorbent (~0.20 g) was firstly outgassed at
200℃ for 2 h. Helium was then used to calibrate the volume of adsorption cell with sorbent
at 20℃. Commonly, helium is assumed not to adsorb and used as an inert molecule for
volume calibration.[32] After removing residue helium in the adsorption system, interested
vapors were introduced at 20℃ to measure the adsorption isotherms. All the vapor
adsorption isotherms are shown in Figure 2.5. 5A zeolite adsorbs all the molecules because
its pore size is larger than them. But, for MLD coated 5A zeolite, the effective pore sizes
gradually decreases with the increase of MLD cycles, and thus rejected molecules one by
one starting from the largest 2-propanol. Specifically, 5A-Zeolite-20, 5A-Zeolite-30 and
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5A-Zeolite-60 almost completely rejected 2-propanol, acetone, and1-butanol, respectively,
while 5A-Zeolite-180 almost excluded 1-propanol. Adsorption isotherm of TMA on 5A
zeolite at 20℃ is shown in Figure 2.6. Adsorption kinetics was measured by monitoring
vapor pressure change with time. For the pre-adsorption process, we followed the same
procedure for organic vapor adsorption, and then introduced CH4 for its adsorption
isotherm measurements and adsorption kinetics measurements with the presence of organic
vapor.

a

b

c

d

e

f

g

Figure 2.5: Adsorption isotherms of ethanol, 1-propanol, 1-butanol, acetone and 2propanol at 20℃ on (a) 5A zeolite, (b) 5A-Zeolite-20, (c) 5A-Zeolite-30, (d) 5A-Zeolite60, (e) 5A-Zeolite-120, (f) 5A-Zeolite-180, and (g) 5A-Zeolite-300. P is the vapor
pressure, and P0 is the saturation pressure. P0(Ethanol)=50 Torr, P0(1-Propanol)=18 Torr, P0(1Butanol)=7 Torr, P0(Acetone)=201 Torr, P0(2-Propanol)=36 Torr.
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Adsorption kinetics profiles (Mt/M∞ vs. time) of ethanol on 5A zeolite and MLD
coated 5A zeolite were shown in Figure 2.7. Mt is the mass adsorbed at time t, and M∞ is
the mass adsorbed at infinite time. In these experiments, the values of M∞ for 5A zeolite,
30, and 60 cycles of MLD coated 5A zeolite were18.8, 19.2 and 18.1 mg/g, respectively.
Bare 5A zeolite showed much faster uptake of ethanol than that of MLD coated 5A zeolite.

Figure 2.6 Vapor adsorption isotherm of TMA on 5A zeolite at 20℃.
However, ethanol uptake rate did not change much as the MLD cycle number increased.
The ethanol diffusivity in 5A zeolite and MLD coated 5A zeolite were estimated by fitting
the uptake data with a simplified solution given by Kaerger and Ruthven for short
times[22]:
Mt
6

M


Dt
r2

Where D is the Fickian diffusivity, and r is the edge length of the cubic crystal. A Fickian
diffusivity of 1.354 10 14 m2/s was obtained for ethanol in 5A zeolite. In contrast, the
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diffusivity of ethanol in 30 cycles of MLD coated 5A zeolite( 1.710 10 17 m2/s) and 60
cycles of MLD coated 5A zeolite ( 1.613  10 17 m2/s) were similar and about three orders
of magnitude lower than that in bare 5A zeolite. This suggests MLD coating does not
dominate ethanol update process. These results demonstrate that the ethanol diffusion
kinetics was drastically affected by the interface between the MLD coating and 5A zeolite
but not the MLD coating thickness.
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Figure 2.7 Ethanol adsorption kinetics on 5A zeolite (solid black line) and 5A-Zeolite-30
(dash red line) and 5A-Zeolite-60 (dash green line). Mt is adsorbed amount of ethanol at
time t, and M∞ is adsorbed amount at equilibrium.

2.4.1.3 LIQUID MIXTURE ADSORPTION MEASUREMENTS
5A zeolite pellets (~2.0 g) and 60 cycles of MLD coated 5A zeolite pellets (~2.0 g)
were firstly outgassed at 200°C for 4 h. Then the adsorbents were sealed immediately in
two 20 ml vials to avoid water uptake. After cooling down to room temperature, a 50/50
(mole ratio) ethanol/butanol liquid mixture was added into a microliter vial then placed in

40

the 20 ml vials with 5A zeolite and 60 cycles of MLD coated 5A zeolite. Parafilms were
used to wrap tightly outside the 20 ml vials to prevent vapor evaporation. Liquid mixture
samples were analyzed after adsorption at room temperature for 30 h by a 5890 SERIES II
Gas Chromatography (GC) equipped with a 30 meter long, 0.25mm internal diameter
Stabilwax column.
2.4.1.4 MOLECULAR DIMENSION SIMULATION
All the models of molecules (ethanol, 1-propanol, 1-butanol, acetone and 2propanol) were generated by usingAvogadro, the geometry of the molecules was optimized
under Molecular Mechanics Force Field (MMFF). Critical diameter is calculated by the
diameter of the smallest cylinder that can be drawn around the molecule in its lowest energy
conformer. The critical diameter of all molecules are shown in Figure 2.8.

Figure 2.8 Molecular structures and critical diameters of 2-propanol, acetone, 1-butanol,
1-propanol and ethanol. Carbon atom: grey; oxygen atom: red; hydrogen atom: white.

41

2.4.2 CHARACTERIZATION
2.4.2.1 FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FE-SEM)
The FE-SEM (Zeiss Ultraplus Thermal Field Emission Scanning Electron
Microscope) image of 5A zeolite crystals were shown in Figure 2.9. 5A zeolite crystals are
cubic and have an average particle size of approximately 2 µm. A proper concentration of
5A zeolite was dispersed in DI water and sonicated for 1 h and then dripped on the
conductive carbon tape.

5 mm

Figure 2.9 FE-SEM image of 5A zeolite.
2.4.2.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) ANALYSIS
The surface chemical compositions of 5A zeolite and MLD coated 5A zeolite were
analyzed by XPS (Kratos Axis Ultra DLD instrument equipped with a monochromated Al
Ka x-ray source and hemispherical analyzer capable of an energy resolution of 0.5 eV). As
the MLD alucone coating thickness increased, much smaller amount underlying silicon can
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be seen (Figure 2.10).The Al and Si atomic concentration and Al/Si ratio was listed in
Table 2.1

Figure 2.10 XP spectra of Al 2P and Si 2P on 5A zeolite and 5A zeolite with different
cycles of MLD coatings (after calcination).
Table 2.1. Surface atomic concentrations of Al, Si, and O of 5A zeolite and 5A zeolite with
different cycles of MLD coatings (after calcination), measured from XP spectra of Al 2P,
Si 2P and O 1S.
Cycles of
MLD on 5A
zeolite
0
20
60
120
180

Atomic concentration (%)
Al
15.9
22.6
29.4
32.3
33.0

Si
16.0
10.2
2.5
0.7
0.3
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O
68.1
67.2
68.1
67.0
66.7

Al/Si ratio
1.0
2.2
11.7
46.1
110

2.4.2.3 X-RAY DIFFRACTION (XRD)
X-ray powder diffraction (XRD) was carried out using a Rigaku MiniFlex II
diffractometer with Cu Kα radiation (λ = 0.15418 nm). The diffraction data was recorded
for 2θ angles between 5° and 50°. XRD pattern was shown in Figure 2.11. XRD confirmed
LTA zeolite structure before and after MLD, and suggested MLD coatings were
amorphous.
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Figure 2.11 XRD patterns of 5A zeolite and 5A zeolite with different cycles of MLD
coatings.
2.4.2.4 BET MEASUREMENTS
The BET surface areas were measured by a Micromeritcs ASAP 2020 unit. Prior
to analysis, the materials were degassed in situ for 10 h at 250°C. The BET surface was
calculated from the BET equation in the 0.05-0.3 relative pressure range and shown in
Figure 2.1c.
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2.4.2.5 N2 AND Ar SORPTION ANALYSIS
N2 adsorption isotherms at 77 K were measured on a Micromeritcs ASAP 2020
unit. Prior to analysis, the materials were degassed in situ for 10 h at 250°C. The micropore
volume was analyzed by the t-plot. Pore size distribution was also calculated using
adsorption branch of the isotherms. The results were shown in Figure 2.12. Figure 2.12a
showed that the N2 adsorption isotherms of 5A zeolite, 5A-Zeolite-60, and 5A-Zeolite-120
were almost the same. Figure 2.12b showed micropore volume for 5A zeolite, 5A-Zeolite60, and 5A-Zeolite-120 are 0.195, 0.208, and 0.203 cm3/g, respectively. This is consistent
that the MLD coating is only deposited outside 5A zeolite surface. Figure 2.12c showed
pore size distributions of 5A zeolite, 5A-Zeolite-60, and 5A-Zeolite-120, which were all
centered at approximately 0.5 nm. This suggests MLD coating has similar pore size as 5A
zeolite pores. Also, from pre-adsorption experiment (Fig. 2.3b), we concluded that MLD
coating pore size is between 0.49 and 0.63 nm. This is consistent with the pore size
distribution calculated from N2 isotherms. In a very recent study from our group,[33] we
deposited TiO2 coating on 5A surface by MLD and calculated MLD coating pore size
distribution using N2 adsorption isotherms. We found a peak for TiO2 MLD pores at ~1.1
nm, suggesting the sensitivity of using N2 isotherms to calculate pore size distribution of
MLD coating. This again supports our above conclusion that MLD coating pores are
similar to 5A pores and there is no pores larger than 1 nm in the Al2O3 MLD coatings. Ar
adsorption isotherms were also measured at 77 K (Figure 2.12d). The result again showed
very similar Ar adsorption isotherms for 5A zeolite and 5A-Zeolite-60. The micropore
volumes calculated by t-plot were 0.177 and 0.175 cm3/g for 5A zeolite and 5A-Zeolite-60
(Figure 2.12e). This again shows that the micropore volume was not changed after MLD
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coating deposition. Micropore volume calculated by using Ar is 10~15% less than that of
N2 (0.195 and 0.208 cm3/g). This trend is also reported by Raj[34] for the micropore
volume calculation for 13X zeolite when using N2 and Ar.
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Figure 2.12 N2 and Ar sorption analysis on 5A zeolite and 5A zeolite with different cycles
of MLD coatings: (a) N2 adsorption isotherms of 5A zeolite, 5A-Zeolite-60, and 5AZeolite-120 at 77 K; (b) t-plots for 5A zeolite, 5A-Zeolite-60, and 5A-Zeolite-120
calculated by using N2; (c) Pore size distribution for 5A zeolite, 5A-Zeolite-60, and 5AZeolite-120; (d) Ar adsorption isotherms of 5A zeolite, and 5A-Zeolite-60 at 77 K; (e) tplots for 5A zeolite and 5A-Zeolite-60 calculated by using Ar.
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2.4.2.6 TRANSMISSION ELECTRO MICROSPOCY (TEM)
The samples were dispersed in ethanol, dropped ono a carbon-coated copper grid,
and dried. The TEM (Hitachi H8000 Scanning Transmission Electron Microscope) images
of MLD coated 5A zeolite were shown in Figure 2.1a and Figure 2.13. Figure 2.13a and b
showed the TEM images of 5A-Zeolite-60. A uniform ~20 nm thick MLD coating was
deposited on the outside surface of 5A zeolite crystal. Figure 2.13c showed ~10 nm thick
MLD coating on the 5A zeolite outside surface deposited by 30 cycles of MLD. This is
consistent with the layer-by-layer growth mechanism of MLD process.

Figure 2.13 TEM images of 5A-Zeolite-60 at low (a) and high (b) magnification; (c) 5AZeolite-30
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Figure 2.14 (a) TEM image of 5A-Zeolite-60C; (b) XP spectra of Si 2P on 5A zeolite with
60 cycles MLD before (red) and after (green) crushing.
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Figure 2.15 Adsorption isotherms of 2-propanol at 20℃ on (a) 5A-zeolite, (b) 5AZeolite-60, and (C) 5A-Zeolite-60C. P is the vapor pressure, and P0 is the saturation
pressure, P0(2-Propanol)=36 Torr.
MLD on 5A zeolite surface is expected to form a uniform, hybrid alucone coating,
whose morphology and composition are expected to be independent of the coating
thickness due to the self-limiting feature of the two surface reactions (Figure 2.16a) and
the same substrate surface/hydroxyl group distribution and density. In addition, bonding of
the alucone with 5A zeolite at the interface is also expected to be the same. During
calcination, carbon compound will be removed, and the micropores will be generated in
the MLD coating and the whole coating will shrink approximately 1/3, as reported
before[14]. At the same time, interfacial shear force between the microporous Al2O3
coating and 5A zeolite will be generated due to the different thermal expansion coefficients
of alumina[35] and zeolite[36]. According to an analytical model based on continuum
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Figure 2.16 Analysis of MLD coatings on zeolite surface and pore misalignment with
different MLD coating thicknesses: (a) Two self-limiting surface reactions of alucone
MLD on a substrate surface; (b) Adsorbed amount of molecules with different sizes on 5A
zeolite with different cycles of MLD/coating thickness up to 300 cycles/100 nm; (c)
Relative displacement of the microporous Al2O3 coating on 5A zeolite surface vs. thickness
of the coating; relative displacement is defined as the size difference between molecular
“gate” and the 5A zeolite pore opening (~0.5 nm).
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mixture theories, Nassar et al.[24] found that the interfacial thermal stress between two
contacting materials increases with the increase of the adhesive/coating thickness; as a
result, thicker coatings may lead to larger shift/relative displacement between two
contacting materials. Figure 2.16b shows that the molecular “gate” size decreases with the
increase of the coating thickness when coating is thinner than 40 nm, suggesting a
continuous shift with the increase of the coating thickness. This is consistent with the
modelling results. However, when the resistance, namely chemical bonding between the
MLD coating and 5A zeolite surface, balances the thermal shear force, the relative
movement between the Al2O3 coating and 5A zeolite surface stops and thus no obvious
decrease of the molecular “gate” size was detected for coatings thicker than 40 nm. Figure
2.16c summarizes the relative shift/displacement between the microporous MLD coating
and 5A zeolite surface, which clearly reflects the above discussed trend.
2.5

CONCLUSION
In summary, we demonstrated a completely new concept, pore misalignment, to

form a size-screening “gate” on the 5A zeolite surface. The size of the “gate” can be
adjusted by changing microporous alumina coating thickness, whereas the internal cavity
of zeolites will be maintained. This novel concept has great potential to be utilized to fill
pore size gaps of the zeolite family and to design zeolite-based molecular-sieving sorbents
for selective separation of molecules with very small size differences and may potentially
be used for size-selective catalysis using zeolites/molecular sieves.
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CHAPTER 3
COMPOSITE 5A ZEOLITE WITH ULTRATHIN POROUS TiO2
COATINGS FOR SELECTIVE GAS ADSORPTION
3.1

ABSTRACT
A composite zeolite adsorbents was prepared by conformally depositing an

ultrathin porous TiO2 coating on the external surface of 5A zeolite by molecular layer
deposition (MLD) and subsequent calcination. The composite adsorbent showed
approximately 3 times higher ideal adsorption selectivity for CO2/CH4 and CO2/N2 and 5
times higher for propylene/propane than the bare 5A zeolite. Moreover, the composite
adsorbents showed a 44 times of diffusivity difference between propylene and propane, in
strong contrast with ~1 for the bare 5A. Adsorption kinetics measurements of the composite
adsorbents with different thickness of porous TiO2 coatings suggest the narrowed pores
may locate at the interface of the coating and the substrate 5A zeolite.
3.2

INTRODUCTION
Adsorptive separation is an important technology for gas separation in industry [1-

4]. Porous adsorbents with desirable adsorption and/or diffusion properties are essential for
designing energy-efficient, adsorption-based separation processes. Zeolites/molecular
sieves, a class of crystalline microporous oxides, are one of the most widely used
adsorbents in adsorptive processes, because of their uniform, molecular-sized pores and
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high chemical, thermal, and mechanical stabilities[5]. Despite there are more than 200
types of zeolites, not all the desired pore sizes can be found. This makes it a great challenge
to achieve size-selective separation for some industrially important mixtures composed of
molecules with very small size differences, such as O2/N2, N2/CH4, ethylene/ethane,
propane/propylene, etc. Therefore, it would be highly favorable if the pore sizes of the
zeolites/molecular sieves can be tuned to achieve adsorption separation based on very small
size differences, typically ~0.01 nm.
Pores of zeolites/molecular sieves have been adjusted by simple and reliable
methods, such as dehydration and ion exchanges [6-9]. For example, the effective pore
size of titanium silicate ETS-4 was gradually contracted through dehydration at elevated
temperature to achieve difficult size-based separations[8]; 5A zeolite pore opening was
narrowed by silver exchange to successfully distinguish ethylene from ethane by molecular
sieving[9]. These methods, however, are valid only for some specific zeolites and/or may
not be used to continuously tune zeolite pore sizes. More effective techniques, therefore,
are still needed to further fine tune zeolite pore sizes. Molecular layer deposition (MLD)
is a technique to deposit hybrid coatings by conducting a series of sequential, self-limiting
surface reactions on a substrate [10, 11]. The self-limiting nature of surface reactions leads
to several characteristic advantages of MLD coating growth, such as exquisite control over
coating thickness at sub-nanometer level and achieving continuous, conformal pinhole-free
coatings on high aspect ratio structures [12-14]. Here, we report a novel use of MLD to
prepare ultrathin, conformal microporous TiO2 coatings on 5A zeolite to modify the zeolite
pore opening. Porous TiO2 coatings were formed by removing the organic compound in

55

the dense titanium alkoxide coatings, deposited by MLD, upon calcination in air at elevated
temperature (see Supporting Information for experimental details).
3.3

EXPERIMENT RESULTS AND DISCUSSION
Field emission scanning electron microscopy (FE-SEM) shows that 5A zeolite

crystals are cubic and have an average size of approximately 2 μm (Figure 3.10 in the
Supporting Information). After depositing 60 cycles of MLD and calcination, an
approximately 25 nm thick porous TiO2 coating was formed on the 5A zeolite surface
(Figure 3.1a), corresponding to a nominal microporous TiO2 growth rate of 0.42 nm/cycle.
X-ray diffraction (XRD) confirmed that all the peaks of 5A zeolite match those reported
by Gramlich [15] before and after MLD, indicating TiO2 MLD coatings had negligible
effects on 5A zeolite crystal structure (Figure 3.9). X-ray photoelectron spectroscopy
(XPS) shows the MLD coatings after calcination are TiO2 (Table 3.1). Also, as the MLD
coating cycles or coating thickness increased, the detectable amount of the underlying
silicon decreased, and after 60 cycles of MLD, silicon can hardly be seen (Figure 3.1b),
suggesting a continuous and uniform TiO2 coating on the 5A zeolite surface, which
effectively blocked electron penetration.
We measured the adsorption isotherms of various gas molecules with different
kinetic diameters (CO2: 0.33 nm[16]; N2: 0.364 nm[16]; CH4: 0.38 nm[16]; and n-C4H10:
0.46 nm[17]) to explore the effective pore sizes of the composite sorbents (Figure 3.4 and
3.5). Figure 3.2a shows the relative adsorbed amount changes of CO2, CH4 and butane on
5A zeolite and that with different cycles of MLD coatings. For the initial 15 cycles,
adsorbed amounts of both CO2 and CH4 decreased approximately linearly, with higher
decreasing rate of CH4 than CO2. This leads to almost constant ideal adsorption selectivity
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Figure 3.1 (a) Transmission electron microscopy (TEM) image of 60 cycles of TiO2 MLD
coating (after calcination) on 5A zeolite. (b) X-ray photoelectron spectroscopy (XPS)
spectra of Si 2P of 5A zeolite with (30 and 60 cycles) and without MLD coatings.
of CO2 over CH4. From 15 to 30 cycles, adsorbed amount of CO2 decreased following the
same trend, but that of CH4 decreased even faster, resulting in an increased selectivity from
8.7 to 15.2. From 30 to 60 cycles, adsorbed amount of CO2 kept almost constant, while that
of CH4 decreased about another 50%. Although butane showed a similar linear decrease
below 15 cycles, a sharp decrease was seen between 15 and 30 cycles; from 30 to 60 cycles,
its adsorbed amount decreased to half of that at 30 cycles. As a result, the ideal adsorption
selectivity of CO2 over butane increased drastically from 1.9 (bare 5A) to 24.9 (5A with
60 MLD cycles). This suggests with a microporous TiO2 coating, formed from 60 cycles
of MLD, the composite 5A sorbent should have an effective pore size smaller than butane
(0.46 nm). Figure 3.2b shows that compared with bare 5A, ideal adsorption selectivity of
CO2 over N2 and over CH4 increased 2 and 1.8 times for 30 MLD cycles and 3.1 and 2.9
times for 60 MLD cycles, respectively. This seems to suggest that the average pore size
may become smaller than N2 and CH4 after 60 cycles of MLD, although there may be a
pore size distribution of the composite 5A adsorbents so both N2 and CH4 can still be
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adsorbed. These results demonstrate 5A zeolite composite adsorbents with ultrathin (~25
nm) microporous TiO2 coating may be a promising candidate for CO2 capture in post
combustion or CO2 separation in nature gas purification. The high CO2 selectivity and
capacity of the 60 cycles of TiO2 coated 5A zeolite composite adsorbents are comparable
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to other recent works [18-20].
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Figure 3.2 (a) Normalized sorption capacity change with the number of MLD coating
cycles on 5A: CO2 (□), CH4 (○), and butane (∆). (b) Ideal adsorption selectivity of CO2/CH4
and CO2/N2 on 5A and 5A with 30 and 60 cycles of MLD. All the sorption capacity is at
50 kPa and 20 ℃. As a reference, sorption capacities of CO2, CH4 and butane on 5A are
1.86, 0.22 and 0.97 mmol/g, respectively.
To understand the adsorption selectivity increase when MLD cycle numbers were
≥ 30, we firstly studied the coating quality by measuring CH4 adsorption on 5A zeolite with
MLD coatings that were not calcined and thus expected to be dense. Indeed, after 30 cycles
of MLD, no measurable CH4 uptake was seen (Figure 3.6). This is consistent with the dense
MLD coating assumption. However, after 15 cycles of MLD, approximately 20% of CH4
can still be adsorbed, compared with bare 5A. Apparently, 15 cycles of MLD did not form
a continuous coating on the 5A zeolite surface, and thus the underneath zeolite pores may
still be exposed. Therefore, a dense initial MLD coating is essential for reducing the
effective pore size of the 5A composite sorbent. Since one precursor for the MLD, TiCl4
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(0.64nm[21]), is much larger than 5A zeolite pore size, MLD coatings are expected to be on
the external surface of 5A zeolite only. Therefore, the narrowest pores may locate at the
interface between the porous TiO2 coating and 5A zeolite or in the porous TiO2 coating.
We speculate the bottleneck is located at the interface, as supported by the diffusion rate
measurements discussed below. Besides, it is likely that some zeolite pores have been
blocked by the microporous TiO2 coating on the 5A zeolite surface and thus not available
for gas uptake. This may explain why the adsorbed amount for all the molecules decreased.

Figure 3.3 (a) Adsorption isotherms of propylene (■ and ●) and propane (□ and ○) on 30
cycles (squares) and 60 cycles (circles) of TiO2 MLD coated 5A zeolite at 20 ℃. Solid
lines are from Langmuir model fitting. (b) Adsorption uptake curves of propylene (■ and
●) and propane (□ and ○) on 30 cycles (squares) and 60 cycles (circles) of TiO2 MLD
coated 5A zeolite at 20 ℃. Mt is the adsorbed amount at time t, and M∞ is the adsorbed
amount at equilibrium. Lines are from linear fitting.
As concluded above, with a microporous TiO2 coating formed from 60 cycles of
MLD the effective pore size is expected to be smaller than butane (0.46 nm) but may have
a pore size distribution that covers the sizes of CO2 and CH4. To test the potential of the
composite sorbent for separating other gas mixtures, we selected two important molecules,
propane and propylene. Separation of propane/propylene mixtures is one of the most
important and energy-consuming operation in the petrochemical industrial [22, 23].
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Adsorption-based processes may work as an energy-efficient alternative for
propane/propylene separation[9]. The critical diameters of propane and propylene are
0.446 and 0.431 nm, respectively [24]. Therefore, significantly increased adsorption
selectivity of propylene over propane, after 60 cycles of MLD coating, is expected.
Adsorption isotherms of propane and propylene on bare 5A zeolite (Figure 3.7), 5A with
30 and 60 cycles of MLD are shown in Figure 3.3a. The ideal adsorption selectivity of
propylene over propane at 100 kPa increased from 1.2 for bare 5A to 3.7 and 6.0 for the
composite sorbent with 30 and 60 cycles of MLD coatings. Consistent with the other gas
adsorption results above, adsorbed amount of propylene decreased approximately 44%. We
also measured uptake kinetics of propylene and propane on 5A zeolite (Figure 3.8) and 5A
composite adsorbent with 30 and 60 cycles of MLD (Figure 3.3b). When the microporous
TiO2coating thickness was doubled assuming a constant coating deposition rate, propylene
adsorption kinetics was hardly affected. This suggests the major transport resistance is not
in the MLD coating and the narrowest pores may locate at the interface between the
microporous TiO2 coating and 5A zeolite pores. The diffusivity ratio of propane to
propylene for 5A zeolite and MLD coated 5A zeolite was estimated using an equation given
by Kaerger and Ruthven for short time[25], D(propylene)/D(propane), increased
drastically from ~1 for 5A to ~12 and ~44 for coated 5A zeolite with 30 and 60 cycles of
MLD coatings. Therefore, 5A composite sorbent shows great potential of achieving
effective propylene/propane separation based on both equilibrium uptake and diffusivity
differences.
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3.4

SUPPORTING INFORMATION

3.4.1 MATERIALS AND METHODS
3.4.1.1.MOLECULAR LAYER DEPOSITION ON 5A ZEOLITE
We used 5A zeolite from W.R.Grace & Co.-Conn. Zeolite samples were firstly
outgassed at 200°C for 4 hours. The titanium alkoxide MLD films were prepared by using
titanium tetrachloride (TiCl4; 99.9%, Sigma Aldrich) and ethylene glycol (HO(CH2)2OH;
99%, Alfa Aesar). Each MLD cycle started with 240 second vacuum, then ethylene glycol
was diffused into the reactor with a partial pressure of 50 mTorr and then settled for 120
second, 240 second vacuum was followed to evacuate extra unreacted ethylene glycol.
Ultrahigh purity N2 (Airgas) was used as the purge at 20 sccm for 30 second. Then 240
second vacuum was applied to evacuate N2. After that, TiCl4 was diffused into the reactor
with a partial pressure of 150 mTorr and then settled for 120 second, followed by 240
second vacuum to evacuate extra unreacted TiCl4. Ultrahigh purity N2 (Airgas) was used
as the purge at 20 sccm for 30 second. Then 240 second vacuum was applied to evacuate
N2. This whole process is one titanium alkoxide MLD cycle. Each cycle MLD was
deposited on the zeolite sample at 100 °C. Then the coated samples were heated in air from
room temperature to 250°C at a rate of 1°C/min-1, kept at 250°C for 4 hours, and then
cooled to room temperature at the same rate.
3.4.1.2 ADSORPTION EQUILIBRIUM AND KINETICS MEASUREMENTS
Ultra-high purity CO2 (99.999%), N2 (99.999%), CH4 (99.999%), chemically pure
2.0 grade propane and n-butane were purchased from Airgas. Propylene (>99%) was
purchased from Sigma-Aldrich. Gas adsorption isotherms were measured by a volumetric
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method using a home-built adsorption system. Sorbent (~0.20 g) was firstly outgassed at
200 ℃ for 2 h. Helium was then used to calibrate the volume of adsorption cell with sorbent
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Figure 3.4 CO2, N2 and CH4 adsorption isotherms at 20℃ on (a) 5A zeolite, (b) 3 cycles of
TiO2 coated 5A zeolite, (c) 8 cycles of TiO2 coated 5A zeolite, (d) 15 cycles of TiO2 coated
5A zeolite, (e) 30 cycles of TiO2 coated 5A zeolite, and (f) 60 cycles of TiO2 coated 5A
zeolite. Solid lines indicate fits from Langmuir equation. CO2 (■), CH4 (●), and N2 (▲).
at 20℃. After vacuum to remove residue gasses in the adsorption system, interested gases
were introduced at 20℃. The pressure change was collected in real time using a Swagelok
E model transducer and LabVIEW 2012 software. CO2, N2 and CH4 adsorption isotherms
on 5A zeolite and 5A zeolite with different TiO2 MLD cycles are shown in Figure 3.4.
Butane adsorption isotherm on 5A zeolite and 5A zeolite with different TiO2 MLD cycles
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is shown in Figure 3.5. CH4 adsorption isotherms on 15 cycles of TiO2 coated 5A zeolite
before calcination and 30 cycles of TiO2 coated 5A zeolite before calcination are shown in
Figure 3.6. Propylene and propane adsorption isotherm on 5A zeolite is shown in Figure

Adsorbed amount, mmol/g

3.7. Uptake kinetics of propylene and propane on 5A zeolite is shown in Figure 3.8.
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Figure 3.5 C4H10 isotherms at 20℃ on (a) 5A zeolite, (b) 3 cycles of TiO2 coated 5A zeolite,
(c) 8 cycles of TiO2 coated 5A zeolite, (d) 15 cycles of TiO2 coated 5A zeolite, (e) 30 cycles
of TiO2 coated 5A zeolite, and (f) 60 cycles of TiO2 coated 5A zeolite. Solid lines indicate
fits from Langmuir equation.
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Figure 3.6 CH4 isotherms at 20℃ on (a) 15 cycles of TiO2 coated 5A zeolite before
calcination, (b) 30 cycles of TiO2 coated 5A zeolite before calcination. Solid lines indicate
fits from Langmuir equation.
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Figure 3.7 Adsorption isotherms of propylene (■) and propane (●) on 5A zeolite at 20 ℃.
Solid lines are from Langmuir model fitting.
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Figure 3.8 Adsorption uptake curves of propylene (red dash line) and propane (black dot
line) on 5A zeolite at 20 ℃. Mt is the adsorbed amount at time t, and M∞ is the adsorbed
amount at equilibrium.

3.4.2 CHARACTERIZATION
3.4.2.1 X-RAY DIFFRACTION (XRD)
X-ray powder diffraction (XRD) was carried out using a Rigaku MiniFlex II
diffractometer with Cu Kα radiation (λ = 0.15418 nm). The diffraction data was recorded
for 2θ angles between 5° and 50°. The scanning rate is 2°/min. XRD pattern of 5A zeolite
and 5A zeolite with different TiO2 MLD coating were shown in Figure 3.9.
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Figure 3.9 XRD patterns. (a) 5A zeolite, (b) 30 cycles of TiO2 coated 5A zeolite, (c) 60
cycles of TiO2 coated 5A zeolite.

3.4.2.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) ANALYSIS
The surface chemical compositions of 5A zeolite and TiO2 MLD coated 5A zeolite
were analyzed by XPS (Kratos Axis Ultra DLD instrument equipped with a
monochromated Al Ka x-ray source and hemispherical analyzer capable of an energy
resolution of 0.5 eV). Table 3.1 shows the MLD coatings after calcination are TiO2. As the
MLD coating thickness increased, much smaller amount underlying silicon can be seen
(Figure 3.1b).
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Table 3.1 Surface atomic concentrations of Al, Si, O and Ti of 5A zeolite and 5A zeolite
with different cycles of MLD coatings (after calcination), measured from XPS spectra of
Al 2P, Si 2P, O 1S and Ti 2P.
Cycles of
MLD on 5A
zeolite
0
30
60

Atomic concentration (%)
Al
15.3
4.8
1.9

Si
15.0
6.8
1.7

O
69.7
67.0
72.9

Ti
0.0
21.4
23.5

3.4.2.3.FIELF EMISSION SCANNING ELECTRON MICROSCOPY (FE-SEM)
The FE-SEM (Zeiss Ultraplus Thermal Field Emission Scanning Electron
Microscope) images of 5A zeolite crystals were shown in Figure 3.10. 5A zeolite pellet
were firstly crushed into powder. Then a proper concentration of 5A zeolite sample was
loaded on the conductive carbon tape.

Figure 3.10 FE-SEM image of 5A zeolite.
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3.4.2.4 TRANSMISSION ELECTRON MICROCSOPY (TEM)
The TEM (Hitachi H8000 Scanning Transmission Electron Microscope) images of
60 cycles of MLD coated 5A zeolite were shown in Figure 3.1b. 5A zeolite pellet were
firstly crushed into powder. A proper concentration of 5A zeolite was dispersed in DI water
and sonicated for 30 minute and then dripped on the TEM carbon grids.
3.5

CONCLUSION
In summary, the work reported here represents the first attempt of depositing

ultrathin porous TiO2 coatings by MLD on the 5A zeolite surface to modify zeolite pore
sizes. The pore sizes were effectively reduced by a ~25-nm thick, microporous TiO2 coating
on 5A zeolite surface. As a result, adsorption selectivities for CO2/N2, CO2/CH4 and
propylene/propane were significantly increased. We expect this approach can be applied,
in principle, to other zeolite/molecular sieves, or zeolite membranes to fine tune the pore
size and increase selectivity.
3.6
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CHAPTER 4:
ZEOLITE COMPOSITE SORBENTS WITH MLD COATINGS FOR
HIGH SELECTIVITY AND HIGH CAPACITY CO2 CAPTURE
4.1

ABSTRACT
Greatly improved sorbents for selective CO2 capture were prepared by controlling

calcination conditions for molecular layer deposition (MLD) coated zeolites (5A and 13X).
These MLD coated zeolite composite sorbents showed CO2/N2 selectivity as high as 4377, increased by a factor of 2.6-4.5 compared to the uncoated zeolite sorbents, while
maintaining high CO2 adsorption capacity (1.04-2.32 mmol/g) at 0.5 bar and 25 °C.
Different mechanisms of selectivity enhancement for 5A and 13X was identified.
4.2

INTRODUCTION
Since the industrial era began, human activities have had an increasing effect on

climate by releasing greenhouse gases, such as carbon dioxide (CO2), nitrous oxide (N2O)
and methane (CH4), to the atmosphere [1]. Consequently, the average global temperature
has increased by 0.6 °C in recent 100 years [2]. In 2013, Intergovernmental Panel on
Climate Change (IPCC) predicts an even faster increasing trend that by the year 2100, the
global temperature will increase another 1.9 °C [3]. Among all the greenhouse gases, CO2
is considered as the largest contributor accounting for 60% of global warming effect [4].
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The concentration of CO2 in the atmosphere has increased by 40% from 280 ppm to 400
ppm over the past century [3]. Hence, it is very important to reduce CO2 emission in the
mitigation of global warming effect. However, the control of CO2 emission is still one of
the most challenging issues since the main source of CO2 emissions is the combustion of
fuels with high carbon content, such as coal, petroleum, and natural gas; simultaneously,
the global development depends on the current energy supply heavily [5-7]. An effective
approach of reducing CO2 emissions without decreasing energy demand is the
implementation of CO2 capture technologies [8, 9].
CO2 capture can be achieved by various approaches: post-combustion capture
where CO2 is separated from the other components of the flue gas, pre-combustion capture
with removal of CO2 from the fuel prior to combustion, and oxy-combustion where the fuel
is burned in an oxygen stream [8]. Among these three techniques, capture of CO2 from flue
gas (post-combustion) is the focus of recent research due to the large volume of CO2
emission from existing coal-, oil- or natural gas-fired power plants [10, 11]. Current
technologies for post-combustion CO2 capture are largely based on chemical absorption of
CO2 by liquid solvents [10, 12]. However, problems associated with equipment corrosion,
high energy consumption for regeneration, and sorbent degradation, make the process
complicated and costly [13]. Membrane-based separation processes have emerged as an
effective alternative in post-combustion CO2 capture [5]. Unfortunately, many membranes
must be further improved to overcome the trade-off between permeability and selectivity
[5]. Meanwhile, the low pressure of CO2 within the feed stream and thus low driving force
for its permeation may limit the application of membranes in post-combustion CO2 capture
compared with adsorption-based separation processes [14]. Adsorption employs porous
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adsorbents and has been widely considered as a low operation cost, low energy
requirement, and low maintenance method [15-18]. An ideal adsorbent should possess high
surface area, high porosity, reversible adsorption/desorption capability, structure stability,
and potential for surface modification.[19, 20] With regard to post-combustion CO2
capture, a variety of adsorbents have been studied, including activated carbon, calcium
oxides, hydrotalcites, zeolites, and metal oxides [21]. Among them, zeolites, especially 5A
zeolite and 13X zeolite, are considered as the promising adsorbents due to their high
adsorption capacity at low pressure and their excellent thermal, chemical and mechanical
stability [11, 22-24]. Although zeolites have shown a relatively high CO2 capacity, their
selectivity to CO2 over N2 is still low [19]. Therefore, it is in a great need to develop high
quality adsorbents to improve CO2/N2 selectivity while maintaining a high CO2 capacity.
In our previous work, our group have shown a new method to improve adsorptive
selectivity of zeolites using molecular layer deposition (MLD) technique [25, 26]. The
improved adsorptive separation performance of zeolites is because of the smaller pores at
the interface resulting from the misalignment between MLD porous coating pores and
zeolite pores. The pore misalignment probably originates from the thermal interfacial shear
stress during calcination due to the different thermal expansion coefficients between
zeolites and the MLD coating. We have shown that at a constant calcination condition, the
extent of pore misalignment (or relative displacement) at the interface can be controlled by
the MLD coating thickness, which was consistent with Nassar’s analytical modelling study
for the composite materials [27]. However, when the resistance, namely chemical bonding
between the MLD coating and zeolite surface, balances the thermal shear force, the relative
movement between the MLD coating and zeolite surface stops and thus no more obvious
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relative displacement was observed for coatings thicker than 25 nm under constant
calcination condition.[26] In Pan’s recent study [28], it was found that the interfacial
displacement of composite materials can be influenced by varying temperatures. In this
work, we fixed the TiO2 MLD coating thickness by fixing the MLD deposition cycles,
different calcination temperature and calcination residence time were investigated for
MLD coated zeolite composite sorbents. We found that the adsorptive separation
performance of MLD coated zeolites can be further tuned to achieve greatly improved
CO2/N2 separation by optimizing the calcination conditions.

4.3 EXPERIMENTAL SECTION
4.3.1 MATERIALS
Ethylene glycol (99%, HO(CH2)2OH;) was obtained from Alfa Aesar. Titanium
tetrachloride (99.9%, TiCl4) and 13X zeolites were obtained from Sigma Aldrich. 5A
zeolites were obtained from W.R. Grace & Co.-Conn.
4.3.2 TITANIUM ALKOXIDE MLD COATING
Zeolites were firstly outgassed at 200°C for 4 h for removing the adsorbed water.
The titanium alkoxide MLD coatings (-Ti-O-CH2-CH2-O-Ti-) were prepared by using
TiCl4 and EG as precursors. Each MLD cycle started with 240 s vacuum. TiCl4 was then
introduced into the reactor until a pressure of 150 mTorr and settled for 120 s, and then 240
s vacuum was followed to evacuate extra unreacted TiCl4. Ultrahigh purity N2 (Airgas)
was used to further clean the reactor with a flow rate of 20 sccm for 30 sec controlled by a
mass-flow controller. Then 240 s vacuum was applied to evacuate N2. After that, EG was
diffused into the reactor until a pressure of 50 mTorr and then settled for 120 s, followed
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by 240 s vacuum to evacuate extra unreacted EG. Ultrahigh purity N2 was used as the purge
gas again. Then 240 s vacuum was applied to evacuate N2. This whole process finishes one
MLD cycle, totally 60 cycles of titanium alkoxide MLD coatings were deposited on the
zeolites at 100 °C. Then the coated samples were heated in air from room temperature to
different elevated temperature (200 °C, 250 °C, and 350 °C) at a rate of 1°C/min, kept at
elevated temperature for different residence time (1 min, 2 h, 4 h, and 8 h) and then cooled
to room temperature at the same rate.
4.3.3 CHARACTERIZATION
Surface composition of zeolites before and after MLD was analyzed by X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD instrument equipped with a
monochromated Al Ka X-ray source and hemispherical analyzer capable of an energy
resolution of 0.5 eV). The infrared (IR) spectra were taken on a Bruker equinox 55 in a
diffuse reflection mode. A Praying Mantis diffuse reflection compartment was used to
allow the IR beam to be reflected on powder samples. For each spectrum, 64 scans were
collected to ensure high signal to noise ratio. The IR spectra were scanned in the range of
4000-1000 cm-1 with resolution of 4 cm-1. Pore size distribution of MLD coated zeolite
adsorbents were calculated using Ar adsorption branch of the isotherms measured at -196
ºC using a Micrometeritcs ASAP 2020 unit. Prior to adsorption measurement, samples
were degassed in situ at 170 °C overnight.
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4.3.4 GAS AND WATER ADSORPTION ISOTHERM MEASUREMENTS
Ultra-high purity CO2 (99.999%), and N2 (99.999%) were purchased from Airgas.
Gas adsorption isotherms were measured by a volumetric method using a home-built
adsorption system. Sorbent (~0.10 g) was firstly outgassed at 200 oC for 2 h. Helium was
then used to calibrate the volume of adsorption cell with sorbent at 25 oC. After vacuum to
remove residue gasses in the adsorption system, interested gases were introduced at 25 oC.
The pressure change was collected in real time using a Swagelok E model transducer and
LabVIEW 2012 software.

4.4 RESULTS AND DISCUSSION
MLD coating on 5A zeolite was confirmed by analyzing the surface composition
of 5A zeolites before and after MLD using XPS technique. In Figure 4.1a, the spectrum for
the uncoated 5A zeolite showed a strong O1s photoelectron peak at 531 eV, and NaAuger,
Ca2s, Ca2p, C1s, Si2s, Al2s, Si2p, Al2p peaks at 500, 440, 349, 285, 151, 138, 99, and 73 eV,
respectively. This is consistent with the typical 5A zeolite chemical composition [29]. After
MLD, the peaks of Na, Ca, Si, and Al disappeared (Figure 4.1b). Instead, the oxygen,
titanium and carbon signals were observed at 531 eV (O1s), 460 eV (Ti2p), 285 eV (C1s)
and 33 eV (Ti3p), suggesting the entire zeolite surface has been conformally covered by
MLD coating. XPS is a surface characterization technique, usually with a detection depth
limit around 10 nm [30]. Therefore, the XPS results verified the deposition of MLD
coatings on the zeolites.
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Figure 4.1. XPS spectra of uncoated 5A zeolite (a), and MLD coated 5A zeolite (b).
The successful removal of the organic compound in MLD coating by calcination
was examined by IR as shown in Figure 4.2. Absorbances were observed in the range of
2890-2950 cm-1 only for MLD coated 5A zeolite without calcination (5A-MLD-Uncal),
which correspond to the -CH2 asymmetric and symmetric stretching vibrations [31, 32] in
the hybrid MLD coating (-Ti-O-CH2-CH2-O-Ti-). After calcination at 250 oC for different
times (1 min, 2 h and 8 h), -CH2 stretching vibrations disappeared. Furthermore, a small
shoulder appeared at around 1580 cm-1,which is the characteristic band for –OH on TiO2
[33], suggesting that the organic compound in MLD coating was removed and the hybrid
titanium alkoxide was converted to TiO2.
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Figure 4.2. IR spectra of uncalcined MLD coated 5A zeolite and MLD coated 5A zeolite
calcined at 250 °C for different time.
CO2 and N2 adsorption isotherms were measured on 5A zeolite and MLD coated
5A zeolite up to 3 bars as shown in Figures 4.3 and 4.4. Figure 4.3a showed the adsorption
isotherms on uncoated 5A zeolite, which are consistent with literature data reported by
Wang [34]. For MLD coated 5A zeolite, the calcination was firstly carried out at various
residence time (1 min, 2 h, 4 h and 8 h), while maintaining the calcination temperature at
250 oC. These samples are labelled as 5A-MLD-250-1min, 5A-MLD-250-2h, 5A-MLD250-4h, and 5A-MLD-250-8h, and corresponding abbreviations were used in the following
discussion. Figure 4.3b-d showed adsorption loadings of both CO2 and N2 gradually
decreased for MLD coated 5A zeolites as the calcination residence time increased from 1
min to 4 h, although adsorbed amounts of N2 and CO2 decreased at different rates. This led
to a complex adsorption selectivity change with calcination residence time (see discussion
below). However, the CO2 and N2 adsorption loadings increased again after 8 h calcination
at 250 oC (Figure 4.3e). We then investigated the effect of calcination temperature (200 and
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350 oC) while maintaining the residence time at 2 h. We found after calcination at 200 oC
for 2 h, the adsorbed amounts of CO2 and N2 were still very low (< 5% of uncoated 5A)
(Figure 4.4a), indicating 200 oC was not high enough to remove the organic compound in
the dense hybrid MLD coating and convert it into porous coating. In contrast with the low
adsorption capacity on MLD coated 5A zeolite calcined at 200 oC, high capacity of both
CO2 and N2 (> 90% of uncoated 5A) on 5A-MLD-250-1min (Figure 4.5a) suggested that
1 min was enough to decompose the organic compound in the MLD coating when the
calcination temperature was 250 oC, which is also consistent with the IR results (Figure
4.2). Figure 4.4b showed the CO2 and N2 adsorption isotherms when the calcination
temperature increased to 350 oC. The adsorbed capacity at 0.5 bar for 5A, 5A-MLD-2501min, 5A-MLD-250-2h, 5A-MLD-250-4h, 5A-MLD-250-8h, 5A-MLD-350-2h, and 5AMLD-200-2h were summarized in Figure 4.5a for CO2 (1.88, 1.79, 1.62, 1.04, 1.65, 1.52
and 0.021 mmol/g, respectively) and Figure 4.5b for N2 (0.10, 0.090, 0.021, 0.018, 0.074,
0.035 and 0.005 mmol/g, respectively). Apparently, different calcination conditions
affected the adsorptive properties of MLD coated 5A composite sorbents. Comparing with
uncoated 5A zeolite, results showed that the adsorbed capacity reduction was much greater
for N2 (79%, 82% and 65%) than for CO2 (14%, 44% and 19%) on MLD coated 5A zeolite
with 2 and 4 h residence time at 250 oC and 2 h residence time at 350 oC. Accordingly, the
ideal CO2/N2 selectivity (the ratio of CO2 and N2 adsorbed capacity) increased significantly
from 19 (uncoated 5A) to 43 (5A-MLD-350-2h), 57 (5A-MLD-250-4h), and 77 (5A-MLD250-2h) (Figure 4.5c). To understand the adsorption selectivity increase, we also studied
the pore size distributions of 5A zeolite and MLD coated 5A composite sorbents after
calcined under different conditions by argon sorption measurements. The argon sorption
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isotherms for 5A, 5A-MLD-250-2h, 5A-MLD-250-8h and 5A-MLD-350-2h were
presented in Figure 4.6a, 4.6c, 4.6e and 4.6g. The isotherms showed rapid argon uptake at
low relative pressure, which was expected for the microporous zeolite materials. The pore
size distribution was calculated by HK (Horvath-Kawazoe) method and shown in Figure
4.6b, 4.6d, 4.6f and 4.6h; the sharp peak at around 0.53 nm was assigned to 5A zeolite, and
the pore diameter of MLD coatings after organic removal were estimated to be around 0.80
nm. Moreover, the pore diameter of MLD coating does not vary by changing the
calcination condition. Therefore, we speculate the improved CO2/N2 selectivity can be
attributed to the different extent of pore misalignment occurred at the interface between
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Figure 4.3. Experimental adsorption isotherms for CO2 and N2 on 5A zeolite (a), and
MLD coated 5A zeolite calcined at 250 oC for different time, 5A-MLD-250-1min (b),
5A-MLD-250-2h (c), 5A-MLD-250-4h (d), and 5A-MLD-250-8h (e).
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Figure 4.4. Experimental adsorption isotherms for CO2 and N2 on MLD coated 5A zeolite
calcined at different temperature, 5A-MLD-200-2h (a), and 5A-MLD-350-2h (b).
To further confirm the adsorptive separation performance of MLD coated zeolite
sorbents can be modified by controlling the calcination, MLD coatings were also deposited
on 13X zeolite. CO2 and N2 adsorption isotherms on 13X with and without MLD coating
and after calcination at 250 oC for different residence times were measured in a pressure
range of 0-1 bar. 13X zeolite has a higher capacity of both CO2 (3.28 mmol/g at 0.5 bar)
and N2 (0.21 mmol/g at 0.5 bar) compared with 5A zeolite as shown in Figure 4.7a.
Compared with 2 h (Figure 4.7b) and 8 h (Figure 4.7d) residence time, 13X-MLD-250-4h
(4 h residence time, Figure 4.7c) showed the lowest N2 adsorption loadings, around 0.033
mmol/g at 0.5 bar. Meanwhile, the CO2 adsorption loading was still as high as 2.32 mmol/g
at the same pressure, resulting a higher CO2/N2 adsorptive selectivity as shown in Figure
4.7e. We made a comparison of our MLD coated zeolite sorbents with other representative
porous materials, including zeolites, metal organic framework (MOF), aluminophosphates
(AlPO), and zeolitic imidazolate framework (ZIF), for CO2/N2 adsorptive separation, as
shown in Figure 4.8. The selectivity of CO2/N2 has been improved remarkably, especially
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for 13X-MLD-250-2h (selectivity: 70) and 5A-MLD-25-2h (selectivity: 77), whereas the
CO2 adsorption capacity is still comparable and/or superior to most of the porous sorbents.
Since microporous TiO2 coatings can be deposited in 13X zeolite pores due to the smaller
size of precursors of MLD than zeolite pores, the mechanism of enhanced CO2/N2
selectivity apparently may not be pore misalignment. Our speculation is TiO2 coating may
effectively wrap/deposit on strong adsorption sites, such as cations and acid sites, and thus
weaken N2 adsorption more than CO2 adsorption. More study is under way to understand
this behavior.

4.5

CONCLUSION
In conclusion, by varying the calcination conditions, we prepared novel MLD

coated zeolites composite sorbents with greatly imoproved CO2/N2 selectivity while
maintaining high CO2 adsorption capacity. Specifically, our sorbents showed a CO2/N2
selectivity as high as 43-77 and CO2 adsorption capacity 1.04-2.32 mmol/g at 0.5 bar and
room temperature. Their separation performance is superior to most of the reported
sorbents for CO2 capture. Moreover, it has also been proved that MLD modification may
be a very promising for zeolite modification for highly effective CO2 capture.
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Figure 4.5. CO2 adsorptive capacity at 0.5 bar on 5A and MLD coated 5A zeolite
calcined at different conditions (a), N2 adsorptive capacity at 0.5 bar on 5A and MLD
coated 5A zeolite calcined at different conditions (b), CO2/N2 adsorptive selectivity at 0.5
bar on 5A and MLD coated 5A zeolite calcined at different conditions (c).
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Figure 4.6. Argon adsorption isotherms measured at -196 oC and pore size distributions for
5A (a, b), 5A-MLD-250-2h (c, d), 5A-MLD-250-8h (e, f) and 5A-MLD-350-2h (g, h).
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Figure 4.7. Adsorption isotherms of CO2 and N2 on 13X zeolite (a), and MLD coated 13X
zeolite calcined at 250 oC for different time: 13X-MLD-250-2h (b), 13X-MLD-250-4h (c),
13X-MLD-250-8h (d), and CO2/N2 adsorptive selectivity at 0.5 bar on 13X zeolite and
MLD coated 13X calcined at different conditions (e).
100

CO2/N2 ideal selectivity at 0.5 bar

No.
(11)

80

(12)
(9)

60

(8)

(10)
40
(1)
20

(3)
(2)

(4)

(6)
(5)

(7)

0
0

1
2
CO2 capacity at 0.5 bar

3

Symbol

Material

Temperature, oC

Reference

(1)

Amine modified β-zeolite

30

(15)

(2)

MOF-177

20

(35)

(3)

AlPO4-18

(4)

ZIF-68

20
25

(37)

(36)

(5)

HZSM-5

40

(38)

(6)

Carbon molecular sieve

25

(39)

(7)

Activated carbon

25

(40)

(8)

Bio-MOF-11

25

(41)

(9)

5A-MLD-250-4h

25

(10)
(11)
(12)

5A-MLD-350-2h
5A-MLD-250-2h
13X-MLD-250-4h

25
25
25

(this work)

Figure 4.8. Comparison of MLD coated zeolite composite sorbents with porous
adsorbents for CO2/N2 separation: CO2/N2 selectivity versus CO2 adsorption capacity at
0.5 bar. Blue squares (1-8) represent porous adsorbents from the literatures [15, 35-41];
red squares (9-12) indicate MLD coated zeolite composite sorbents from this study.
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CHAPTER 5:
TiO2 NANOFILTRATION MEMBRANES PREPARED BY
MOLECULAR LAYER DEPOSITION FOR WATER PURIFICATION

5.1

ABSTRACT
In this study, molecular layer deposition (MLD) was used as a novel and highly

controllable method to prepare TiO2 nanofiltration membranes with approximately 1 nm
pores for water purification. Number of deposition cycles and precursors (TiCl4 and
ethylene glycol) were used to control membrane quality and final pore sizes, respectively.
Optimized TiO2 nanofiltration membranes had a pure water permeability as high as ~48
L/(m2∙h∙bar). Salt and dye rejection measurements showed moderate rejection of Na2SO4
(43%) and MgSO4 (35%) and high rejection of methylene blue (~96%). In addition, natural
organic matter (NOM) removal testing showed high rejection (~99%) as well as
significantly improved antifouling performance and recovery capability. MLD, as a new
TiO2 nanofiltration membrane preparation technique, has great potential to realize
excellent control of membrane composition, thickness, and potentially pore sizes in a
scalable way.
Keywords: Membranes; Nanofiltration; TiO2; Molecular layer deposition
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5.2

INTRODUCTION
Water scarcity is one of the most serious global issues because of the growing

freshwater use and depletion of usable fresh water resources.[1] It is, therefore, in a great
need to develop various energy-efficient water treatment technologies to realize water
purification for different water sources and at different levels. Nanofiltration membranes
are now widely used in drinking water and wastewater treatment, as well as pretreatment
for desalination because of their ability to remove viruses, hardness, dissolved organic
matter, and salts, especially multivalent ions.[2-5] Currently, polymers, such as cellulose
acetate, polyamide, polyimide, and poly(ether)sulfone, are dominant materials in
nanofiltration.[4, 6] Most of the polymeric nanofiltration membranes have advantages of
flexibility, simple preparation process, and relatively low cost.[2] Compared with
polymeric nanofiltration membranes, ceramic nanofiltration membranes, usually
manufactured from Al2O3, ZrO2, and TiO2,[7]

have better chemical, thermal and

mechanical stability and long lifetime, and thus may be used in applications under extreme
operating conditions.[2] Ceramic nanofiltration membranes are usually prepared by
solution-based sol-gel method,[8-12] which needs careful control of the deposition process
to produce high quality membranes. Typically, in this process, a gel needs to be carefully
prepared from a colloidal or polymeric solution by adding organic additives to control the
hydrolysis and condensation of alkoxides.[10, 13] In addition, membrane thickness cannot
be precisely controlled at the sub-nanometer scale. This may severely limit sol-gel method
for preparing ultrathin, high flux nanofiltration membranes. More importantly, pore sizes
of ceramic nanofiltration membranes, prepared by the sol-gel method, are difficult to be
precisely controlled at about 1 nm, especially for stable metal oxides, such as TiO2.
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Attempts to prepare TiO2 nanofiltration membranes started from 1990s, and the average
pore sizes obtained in these studies were in the range of 1.5~4.0 nm.[8-11, 13-16] To date,
the tightest reported TiO2 nanofiltration membranes, prepared by optimizing the sol-gel
processing conditions, had a pore size of ~0.9 nm.[12, 13] Hydrolysis conditions of
titanium alkoxides, however, need to be strictly controlled because of the extremely fast
hydrolysis rate to avoid any local excess of water at any moment.[12]
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Figure 5.1. Schematic diagrams of MLD surface reactions for titanium alkoxide coating
growth using TiCl4 and EG as precursors (a) and a step-by-step procedure to prepare the
TiO2 nanofiltration membrane using an AAO support by MLD and subsequent
calcination to open pores (b).
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Molecular layer deposition (MLD), a gas phase deposition technique, is a subset of
atomic layer deposition (ALD) and has been developed very recently.[17, 18] Similar to
ALD, in MLD, two self-limiting surface reactions are conducted alternately to deposit
organic-inorganic hybrid coatings on a substrate. During each surface reaction, precursor
molecules react with surface reactive groups, such as -OH, and chemically bond a layer of
precursor molecules on the surface; new reactive sites/functional groups on the linked
precursor molecules will be utilized for further layer growth.[19] Compared with the dense
inorganic coatings prepared by ALD, MLD growth has been demonstrated for a variety of
organic-inorganic hybrid coatings by using suitable metal and organic precursors.[20] The
obtained organic-inorganic hybrid coatings can subsequently be converted into porous
coatings by removing the organic compound [18, 21, 22]. The potential of using ALD
technique to reduce pore size of porous support has been investigated by several research
groups.[23-26] However, it is difficult to precisely control the resulting pore size at
nanometer level. This resulted from the unavoidable pore size distribution of the porous
support, and smaller pores were completely sealed first, leaving the larger pores still open.
Transport resistance was also expected to increase dramatically, because of the deposited
dense coating by ALD. Molecular layer deposition has already been used to deposit ultrathin porous coatings for metal catalysts stabilization[27] and highly selective catalysts.[28]
Very recently, we have shown that forming an ultrathin, microporous MLD coating on 5A
zeolite external surface greatly improved its size-selective adsorption via appropriate pore
misalignment at the interface of the MLD coating and zeolite[21, 22]. Various microporous
materials, such as Al2O3, SiO2, and TiO2, can be deposited by MLD technique. One reason
we chose TiO2 as the coating materials in this study is that TiO2 has been considered as a
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more stable material, especially its water stability[12, 29]. Figure 5.1a illustrates two
surface reactions in one cycle of MLD using TiCl4 and ethylene glycol (EG) as precursors
to deposit titanium alkoxide coating. The self-limiting nature of the surface reactions of
MLD offers advantages of exquisite control over coating thickness at sub-nanometer level,
conformal pinhole-free coatings on high aspect ratio structures, and scale-up
capability.[30-32] Here, we report an innovative use of MLD to fabricate TiO2
nanofiltration membranes by depositing microporous TiO2 coating on mesoporous support
with excellent control of coating quality, thickness and nanometer-sized membrane pores,
and their potential for water purification. We expect MLD will become a new method for
preparing TiO2 nanofiltration membranes with well controlled thickness, composition, and
membrane pore sizes in a scalable way.
5.3

EXPERIMENTAL METHODS

5.3.1

MOLECULAR LAYER DEPOSITION PROCESS
Titanium alkoxide MLD coatings were deposited using titanium tetrachloride

(TiCl4; 99.9%, Sigma Aldrich) and ethylene glycol (C2H6O2; 99%, Alfa Aesar) as
precursors. The MLD coating process was carried out in a tubular reactor, as shown in Fig.
5.2. A LabVIEW software was used for programmed control of pneumatic valves for
transient dosing. Each MLD cycle started with 240 sec vacuum. TiCl4 was then gradually
introduced into the reactor as a vapor, based on the driving force of its room-temperature
vapor pressure, until a pressure of 20 Pa and settled for 120 sec to allow the surface
reaction; 240 sec vacuum was followed to evacuate extra unreacted TiCl4. Ultrahigh purity
N2 (Airgas) was used to purge the reactor with a flow rate of 20 sccm (standard cubic
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centimeters per minute) for 30 sec controlled by a mass-flow controller (Aera FC-7800) to
further clean the reactor. Then, 240 sec vacuum was applied to evacuate N2. The above
operation was repeated except that TiCl4 was replaced by ethylene glycol (EG) at 6.7 Pa.
A typical coating cycle consisted of the following sequence: evacuation, TiCl 4 dose,
evacuation, N2 purge, evacuation; EG dose, evacuation, N2 purge, evacuation. The MLD
reactor was wrapped by a heating tape covered by a thermal insulation tape. All MLD
processes were conducted at 100°C controlled by a homemade temperature controller.

Figure 5.2. Schematic illustration of the deposition system used for molecular layer
deposition.
5.3.2

MEMBRANES PREPARATION
Proposed MLD membrane forming process was shown schematically in Fig.51b.

We used flat anodic aluminum oxide (AAO) membranes (Whatman) as the starting model
support. These AAO membranes have an asymmetric structure with a diameter of 47 mm.
The main body of AAO membranes is composed of large pores, ~100 nm, with ~60 µm
thickness. The top selective layer has a thickness of approximately 300 nm and pore size
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of ~20 nm. Before MLD, AAO membrane was outgassed under vacuum at 200°C for 1 h
to remove adsorbed water. Different cycles of MLD were subsequently conducted to
deposit titanium alkoxide coating in AAO support pores. After completely filling AAO
pores by hybrid titanium alkoxide, microporous TiO2 membrane was generated by
removing organic compound in the dense hybrid coating by calcination in air in a muffle
furnace at 250°C for 4 h with a heating and cooling rate of 1°C/min as reported before[21].
5.3.3

MEMBRANES CHARACTERIZATION
Field emission scanning electron microscopy (FESEM, Zeiss Ultra Plus) was used

to observe the morphology of AAO before and after MLD. Surface roughness of AAO
before and after MLD was measured using atomic force microscopy (AFM,
AFMWorkshop). Surface chemical composition of AAO support and TiO2 coated AAO
was analyzed by X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD
instrument equipped with a monochromated Al Ka x-ray source and hemispherical
analyzer capable of an energy resolution of 0.5 eV). N2 adsorption isotherms at 77 K were
measured using a Micromeritcs ASAP 2020 unit to determine pore size distribution of the
MLD membrane. Prior to adsorption measurement, samples were ground to a fine powder
and degassed in situ at 250°C for 4 h. Pore size distribution was calculated using adsorption
branch of the isotherms. X-ray powder diffraction (XRD) measurements were carried out
using a Rigaku MiniFlex II diffractometer with Cu Kα radiation (λ = 0.15418 nm).
Diffraction data were recorded for 2θ angles between 5° and 50°.
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5.3.4

MEMBRANE PERMEATION TESTS
Liquid permeation was conducted using a dead end, stirred cell filtration system

(Sterlitech Corp.) with 300 mL total feed volume. Feed side was connected to a highpressure nitrogen tank to control feed pressure in the range of 0-7 bar. A magnetic stir bar
inside the tank was used to stir the feed liquid at a spinning rate of 1000 rpm to minimize
concentration polarization. An electronic scale (Ohaus, CS Series) was used to measure
mass of permeated liquid. DI water (pH: 5.3; conductivity: 0.86 μS) was used in all
permeation measurements. Pressurized filtration of aqueous solutions of methylene blue
(MB) (6.4 mg/L), NaCl (10 mM), Na2SO4 (10 mM), MgCl2 (10 mM), and MgSO4 (10 mM)
was performed to evaluate water purification performance of the prepared TiO2
nanofiltration membranes. All chemicals were obtained from Sigma-Aldrich, and no pH
was adjusted in the prepared solutions. In each rejection test, liquid permeation was
stabilized for 3 h before taking any measurement. Concentration of MB in the collected
permeate was analyzed using a UV-vis spectrophotometer (Shimadzu UV-1800).
Concentration of NaCl, Na2SO4, MgCl2, and MgSO4 was measured by a conductivity meter
(Pour Grainger International, Lake Forest, IL, USA).
Suwannee River humic acid (SRHA) standard, as a model natural organic matter
(NOM), was purchased from International Humic Substance Society (St. Paul, MN, USA)
and used to evaluate anti-fouling performance of the TiO2 nanofiltration membranes. Feed
concentration SRHA in all filtration measurements was 5 mg/L. Permeate was collected at
different water recoveries for flux and composition analysis. Concentration of SRHA was
determined by UV-vis at a wavelength of 292 nm.
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5.4

RESULTS AND DISCUSSION

5.4.1 TiO2 NANOFILTRATION MEMBRANE CHARACTERIZATION
Surface morphology of the blank AAO support and gradual pore filling by TiO2
MLD coating were observed by FESEM. The top surface view of the blank AAO support
exhibited a porous structure consisting of 20-50 nm pores, the estimated porosity of AAO
top selective layer is approximately 60%, as shown in Fig.5.3a. After 20 and 40 cycles of
MLD on AAO support (AAO-20TiO2 and AAO-40TiO2; corresponding abbreviations for
AAO with different cycles of MLD were used in the following description), the effective
pore size of the AAO support gradually reduced (Fig.5.3b) due to the conformal TiO2 MLD
coating deposited on the pore wall as well as on the surface of the support. However, after
40 cycles of MLD coating, open pores were still visible. This is apparently because
deposited MLD coating was not thick enough to completely fill support pores. Our
previous work showed a TiO2 MLD growth rate of ~0.42 nm/cycle at 100°C[21].
Therefore, only pores smaller than approximately 32 nm are expected to be completely
filled after 40 cycles of MLD. Since pore size distribution (20-50 nm) of the AAO support
(Fig. 5.3a) exists, pores larger than 32 nm were only partially filled after 40 cycles of MLD.
When 60 cycles of MLD was applied, a dense, continuous coating was deposited on the
AAO support free of visible defects (Fig. 5.3c), and higher magnification revealed a much
thicker coating and complete filling of AAO pores (inset in Fig. 5.3c). Fig. 5.3d showed
the cross-sectional view of the AAO-60TiO2 membrane. The top AAO layer with 20-50
nm pores and a thickness of approximately 300 nm, which was supported on the bottom
layer with larger pores of about 100 nm, has been completely filled with the TiO 2 MLD
coating. Pressurized pure water permeation also confirmed that the MLD coating before
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calcination was dense and impermeable to water, as discussed below. AFM showed that
the AAO support had a roughness (Ra) of 24.5 nm (Fig. 5.4a). After depositing 60 cycles
of TiO2 MLD coating, the Ra value decreased to 8.69 nm (Fig. 5.4b). This decrease in the
value of Ra is consistent with the fact that MLD has the advantage to deposit coatings with
smooth morphologies[33]. XPS was used to detect the surface elements of the AAO and
the AAO-60TiO2 membrane. For bare AAO support, Fig.5.5a showed a substantial amount
of aluminum on the top surface. After 60 cycles of MLD, aluminum in the AAO support
can hardly been seen due to the shorter excited electron mean free path than the TiO 2
coating thickness. Our previous study showed the depth of analysis for an XPS
measurement of TiO2 porous coating is approximately 25 nm.[21] Fig. 5.5b shows two
major peaks in AAO-60TiO2 membrane, corresponding to Ti 2p3/2 and Ti 2p1/2,
respectively. And, there was no Ti in the AAO support. Double sided tape was applied to
glue AAO support and AAO-60TiO2 membrane to the hollowed XRD sample holder to get
rid of the background effect from XRD holder. In Fig. 5.6, a dash line was drawn at 2θ of
19º, which was assigned to the main peak of tape. Peak (2θ of 19º) intensity decreased
when AAO was attached on the top of the tape due to the weakened X-ray (Fig. 5.6b). In
Fig. 5.6c, the peak (2θ of 19º) intensity was even weakened for AAO-60TiO2 (TiO2 MLD
coated AAO) membrane. In addition, a broad peak in the range of 20 to 25° was observed,
which was ascribed to the amorphous TiO2 [34]. The broad peaks near 2θ of 30º in Fig.
5.6b and 5.6c match that reported for amorphous AAO by Yang [35]. Figure 5.7 showed
the pore size distribution of TiO2 MLD coating after calcination at 250oC, which was
centered at approximately 1 nm. This is consistent with our previous work of TiO2 MLD
coated 5A zeolite composite adsorbents[21] and Patel’s work on porous TiO2 MLD
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films[36]. Organic dye rejection was also measured to probe the effective pore size of TiO2
nanofiltration membranes, as discussed below.

a AAO support

b AAO-20TiO2

100 nm

100 nm
c AAO-60TiO2

AAO-40TiO2

100 nm

d AAO-60TiO2
100 nm

300 nm

300 nm

Figure 5.3. FESEM images of the top-surface of AAO support (a); AAO-20TiO2
membrane (left) and AAO-40TiO2 membrane (right) (b); AAO-60TiO2 membrane (c) (the
inset SEM image showed a higher magnification of AAO-60TiO2 membrane); and crosssection of AAO-60TiO2 membranes (d). All MLD coatings have been calcined at 250oC in
air.

5.4.2

EFFECT OF MLD CYCLES ON PURE WATER PERMEATION
Besides direct observation of the MLD coating on AAO support by FESEM,

pressurized pure water permeation was also measured and used to determine number of
MLD cycles that ensures a continuous, dense coating. Pure water permeability through
AAO coated with different cycles of MLD was measured before and after calcination at
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250°C. The permeability was calculated by the ratio of the volumetric filtrate flux (volume
flow rate per membrane area) to the applied pressure. As shown in Fig. 5.8, before
calcination, water permeability through bare AAO support (feed pressure: 1 bar) was 1520
L/(m2·h·bar), and decreased to 595 and 195 L/(m2·h·bar) after 20 (feed pressure: 2 bar)
and 40 cycles of MLD (feed pressure: 4 bar), respectively. This is due to the gradual
reduction of the AAO pores by the hybrid MLD coating deposited on the AAO pore walls.
Apparently, after 40 cycles of MLD, the AAO support pores were still not completely
filled. After 60 cycles of MLD, no observable water flux was found after 24 h permeation
under pressure drop of 7 bar, corresponding to a pure water permeability lower than 0.1
L/(m2·h·bar) (detection limit of our system). This suggests 60 cycles of MLD formed a
defect-free, dense titanium alkoxide MLD coating on the AAO support. This is consistent
with the SEM images of AAO-60TiO2 in Fig.5.3c. After calcination in air at 250°C, a pure
water permeability as high as 48 L/(m2·h·bar) was obtained (feed pressure is 7 bar for all
AAO-60TiO2 and AAO-80TiO2 membrane filtration test). This is in strong contrast with
the low pure water permeability of commercial polymer membranes between 1-7
L/(m2·h·bar)[37]. Further increasing MLD cycles to 80 also generated a defect-free, hybrid
MLD coating with pure water permeability lower than our detection limit, and after
calcination pure water permeability increased to 13 L/(m2·h·bar). The decreased water
permeability is apparently due to the thicker TiO2 coating on AAO surface and thus
increases transport resistance. It is interesting to find that the pure water permeabilty of
calcined AAO-20TiO2 membrane was even higher than calcined bare AAO support,
although pores of AAO are expected to become narrower after MLD coating. This may be
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attributed to the better stability of TiO2 at elevated temperature[38]; alumina is much easier
to dehydrate after thermal treatment, and thus its surface becomes less hydrophilic.

a

b

Ra=24.5 nm

Ra=8.69 nm

310 nm
0 nm

75 nm
0 nm

Figure 5.4. AFM images of the top-surface of bare AAO support (a) and AAO-60TiO2
membrane (b).
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Figure 5.5. XPS spectra of AAO and AAO-60TiO2 (after calcination): Al 2p (a) and Ti 2p
(b).
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5.4.3

WATER PURIFICATION BY TiO2 NANOFILTRATION MEMBRANES
We first investigated water purification performance of the AAO-60TiO2

nanofiltration membranes by measuring permeability and rejection for aqueous solutions
of NaCl, Na2SO4, MgCl2, and MgSO4. AAO-60TiO2 membrane showed permeabilities of
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Figure 5.6. XRD patterns of double sided tapes (a), AAO support (b), and theAAO60TiO2 membrane (c).

7.2-10.5 L/(m2·h·bar) for studied aqueous salt solutions (Fig. 5.9). The decline of
permeability compared with pure water is probably because of the increased hydrodynamic
resistance by ions adsorption in membranes, which was also observed in Tsuru’s previous
work[29]. For the salt rejection, decent rejection for Na2SO4, 43%, was observed, while
moderate rejection (35%, 29%, and 24%) of MgSO4, NaCl, and MgCl2 was obtained,
respectively, as shown in Fig.5.9. This observed order of salt rejection (Na2SO4 > MgSO4
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> NaCl > MgCl2) can be ascribed to the Donnan exclusion[2, 39] for slightly negatively
charged TiO2 nanofiltration membranes[40]. According to Donnan exclusion theory, co-

Figure 5.7. Pore size distribution of the AAO-60TiO2 membrane.
ions, which have the same charge of membrane surface, tend to exclude from the
membrane, and the repulsive force for divalent co-ions is greater than for monovalent coions. Counter-ion is also rejected in order to keep the electro-neutrality.[2] We also
measured organic dye permeation, AAO-60TiO2 membrane showed a high rejection (96%)
for MB (cationic dye, MW = 373.90 gmol-1) after 3 h filtration; much longer time
permeation only slightly decreased its rejection (93% after 18 h). The high rejection of
rigid dye could be mainly attributed to sieving by membrane pores.[41] But, the MB
permeability was only ~3.3 L/(m2·h·bar) (Fig. 5.9). We speculate the low permeability
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during MB filtration might be because the size of MB (0.7 × 1.6 nm)[42] is comparable to
the pore size of AAO-60TiO2 nanofiltration membrane (~1 nm) and thus blocked
membrane pores. Bare AAO support did not show rejection of the organic dye and salt

Pure water permeability (L/m2·h·bar)

solutions.

1400
Before Calcination

1200

After Calcination
1000
800
600
400
200
0
0
AA0

60
2020
TiO2 4040
TiO2 60 TiO2
8080
TiO2
Number of MLD cycles

Figure 5.8. Pure water permeation through AAO with different cycles of MLD coatings
before and after calcination at 250°C.

5.4.4

ANTIFOULING PERFORMANCE OF TiO2 NANOFILTRATION

MEMBRENES
Titanium dioxide (TiO2) has received much attention in recent years to improve the
antifouling property of membranes due to its hydrophilicity and great stability.[43, 44]
Natural organic matter (NOM) is one of the major contributors to membrane fouling.[45]
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NOM fouling tests were conducted using AAO-60TiO2 membranes. Figure 5.10 showed
the normalized fluxes in three cycles to evaluate the antifouling performance and recovery
capability. Normalized flux is defined as the measured permeation flux at different water
recovery divided by the initial flux in the first cycle.[46] As shown in Fig. 5.10, during the
first cycle of NOM filtration, after collecting 10 mL (i.e., 20% water recovery) of SRHA
solution, the permeate flux decreased by 62% for AAO-60TiO2 membranes. Similar trend
was also observed in the second and third cycle. After each NOM filtration cycle, we
opened the module and conducted a simple membrane cleaning process by flushing the
membrane surface with water at a rate of 4.0 L/min for 30 min. We found that AAO-60TiO2
membrane showed a good flux recovery (77-84%), and this recovery capability was also
superior to the reported polysulfone nanofiltration membrane[47]. NOM rejection was
around 99% in each cycle for AAO-60TiO2 membranes (Fig. 5.10).
5.5

CONCLUSION
TiO2 nanofiltration membranes were prepared for the first time by using a novel

technique, MLD. Influence of cycles of MLD on hybrid coating quality was investigated.
Our results showed a defect-free, dense titanium alkoxide MLD coating was formed after
complete support pore filling, and approximately 1 nm pores can be effectively generated
by calcination at 250oC in air. The AAO-60TiO2 membrane showed a high pure water
permeability of 48 L/(m2·h·bar) and high rejection for MB and NOM, moderate rejection
for salts, and good antifouling performance as well as recovery capability. Compared with
traditional sol-gel method, MLD has the potential advantages of precise pore size control,
simple fabrication process, and ability to scale up. We expect MLD will become a new
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method for preparing TiO2 nanofiltration membranes with well controlled thickness,

Permeability (L/m2·h·bar)

composition, and membrane pore sizes.

Na2SO4

MgSO4

NaCl

MgCl2

MB

Figure 5.9. Permeation through AAO-60TiO2 membrane (black bar) and rejection of
AAO-60TiO2 membrane (red bar).
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CHAPTER 6:
NANO-VALVED ADSORBENTS FOR CH4 STORAGE

6.1

ABSTRACT
A novel concept of utilizing nanoporous coatings as effective nano-valves on

microporous adsorbents was developed for high capacity natural gas storage at low storage
pressure. The work reported here for the first time presents the concept of nano-valved
adsorbents capable of sealing high pressure CH4 inside the adsorbents and storing it at low
pressure. Traditional natural gas storage tanks are thick and heavy, which makes them
expensive to manufacture and highly energy-consuming to carry around. Our design uses
unique adsorbent pellets with nano-scale pores surrounded by a coating that functions as a
valve to help manage the pressure of the gas and facilitate more efficient storage and
transportation. We expect this new concept will result in a lighter, more affordable product
with increased storage capacity. The nano-valved adsorbent concept demonstrated here can
be potentially extended for the storage of other important gas molecules targeted for diverse
relevant functional applications.
6.2

INTRODUCTION
Natural gas, which consists mainly of methane and abundant in U.S. and

worldwide, is considered to be a valuable alternative clean vehicular fuel compared to
gasoline.1,2 In addition, fracking technology dramatically makes methane inexpensive .3
Therefore, in recent years, more and more attention has been concentrated on the
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development of natural gas vehicles (NGV). However, the biggest issue that restricts the
widespread adoption of today’s NGV in U.S. and globally is fitted on-board fuel tanks that
are too large, cumbersome, and expensive, since natural gas is typically stored in a
cryogenic tank as liquefied natural gas (LNG) at 113 K due to the low critical temperature
of methane ( Tc = 191 K) or as compressed natural gas (CNG) at 200-300 bar.4,5 A
promising alternative is adsorbed natural gas (ANG), where the gas is stored as an adsorbed
phase in porous materials. High surface area materials such as zeolites,6 metal-organic
frameworks (MOFs),6-8 covalent organic frameworks (COF),9-11 activated carbon,6,12 and
carbon nanotubes13,14 have shown great potential for CH4 storage for ANG technologies.
However, CH4 storage capacity of current adsorbents at ambient temperature and moderate
pressure, typically lower than 35 bar, is much lower than the CH4 storage volumetric target
set by U.S. Department of Energy (DOE) which corresponds to 263 V (STP: 273.15 K, 1
atm)/V.3,15 Therefore, it is critical to develop advanced materials/methods capable of
storing high capacity CH4 within the adsorbents at a relatively low pressure that facilitates
more efficient storage and transportation.
Herein, we demonstrate a novel concept, in which nano-valved adsorbents are
utilized for reversible, high capacity CH4 storage at low storage pressure. The nano-valved
adsorbents comprise of a nanoporous coating on the outer surfaces of the adsorbent pellets.
The nanopores of the coating layer along with the adsorbate adsorbed in the nanopores
function as a valve that can be opened and closed on demand for natural gas storage. Figure
6.1a shows the structure of nano-valved adsorbents and its functioning process. Methane
loading occurs at high pressures with the nano-valve open. The nano-valve is then closed
by adsorbing a strongly adsorbed sealing molecules in nanopores of the coating when the
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adsorbents are fully loaded, holding high pressure methane within the adsorbent pellet.
Loaded adsorbents can then be stored at low pressure, and the nano-valve can be re-opened
to release the stored CH4 when needed. In our current study, to demonstrate the concept
of nano-valved adsorbents, 5A zeolite was selected as the model sorbent, because it is
commercially available and has a reasonable CH4 saturation amount. Sol-gel process was
applied to prepare the high quality coating layer; besides the sol-gel process, a new coating
technique, molecular layer deposition (MLD), was also applied for further pore size
reduction of the coating layer. Some of us have shown that MLD can be used to deposit
coatings with sub-nm pores.16,17 2,2-dimethyl butane (DMB) was used as the adsorbate for
nano-valve closing. The nano-valve allows high pressure inside and low pressure outside.
The maximum pressure drop that the adsorbed/sealing molecule can hold can be calculated
using Young-Laplace equation and estimated to be higher than 200 bar at room temperature
for a 1.5 nm pore filled with DMB (see Supporting Information ).
6.3

RESULTS AND DISCUSSION
A high quality coating layer is the key to the proposed nano-valved adsorbent. In

our study, MCM-48 (Mobil Composition of Matter number-48) was used because it is a
periodic mesoporous amorphous silica possessing long range ordered framework with
uniform mesopores.18 In addition, the amorphous nature of MCM-48 promotes the
formation of continuous layers, by overcoming the typical issues found in crystalline layers
(i.e. formation of grain boundaries, intercrystalline defects which are detrimental for the
integrity of the resultant layers). A typical coating procedure is shown in Figure 6.5 and
described in detail in Supporting Information. Figure 6.1b shows a representative SEM
image of the cross-sectional view of MCM-48 coated 5A beads (MCM-48-5A).
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Figure 6.1. Diagram of CH4 storage by using nano-valved adsorbents (a); cross-sectional
SEM image of MCM-48-5A (EDS analysis points are indicated in the figure) (b); HRTEM
images and pore sizes of MCM-48-5A adsorbent (c); HRTEM image and pore size of
MLD-MCM-48-5A adsorbent (d).

The MCM-48 layer on the external surface of 5A beads was continuous with a thickness
of ~7.5 µm. EDX (Energy Dispersive X-ray Spectroscopy) analysis results are shown in
Table 6.1. Compared to the compositions of 5A zeolite (points 4-6), the MCM-48 region
(points 1-3) consisted of “Si” and “O”, suggesting no obvious penetration of the gel into
5A bead pores. BET area dropped by 19% compared with 5A zeolite after MCM-48 coating
(Table 6.2).
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Figure 6.2 Steady state CH4 storage capacity of MCM-48 coated 5A adsorbent calcined at
different temperature and uncoated 5A zeolite.

Methane adsorption isotherm was measured for the bare 5A zeolite beads (Figure
6.6). The isotherm we obtained was consistent with literature data at low pressure reported
by Nam et al.19 Nam et al. did not measure the amounts of CH4 adsorbed at pressure higher
than 20 bar, whereas we have measured at pressure up to 120 bar. We found that CH 4
adsorption was saturated at ~100 bar with a saturation capacity of 2.67 mmol/g. Thus the
maximum volumetric density (capacity) for the bare 5A was 73 V/V when using a bulk
density of 1.22 g/ml obtained by Hg porosimetry analysis (see Supporting Information).
In a nano-valve functioning test, approximately 0.50 g adsorbent was loaded to the
adsorption tank (Figure 6.7, details of valve functioning test was reported in Supporting
Information). CH4 was introduced at ~50 bar, at which ~95% of the maximum capacity
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was expected to be adsorbed in equilibrium. We then adjusted the back pressure regulator
and mass flow controller (MFC) to have CH4 flow through reference tank that was filled
with DMB liquid, and had the DMB saturated CH4 flow through the sample cell to allow
DMB adsorbing into the nanopores of the MCM-48 coating layer and sealing the valve.
After introducing DMB for 1 h, the back pressure regulator was opened gradually to release
the system pressure from ~50 bar to ~1 bar in another 1 h. We then systematically measured
the CH4 stored capacity as a function of time (CH4 storage performance curve) by using a
smaller scale high-precision transducer.
In the preparation of the MCM-48 layer, cetyltrimethyl ammonium bromide
(CTAB) was used as the template. During calcination, the pore opening of MCM-48 layer
was achieved by gradual removal of the organic template. Thus, the calcination conditions
are expected to influence the valve functioning of the resulting coated adsorbents. Three
different calcination temperatures (350, 400 and 450°C) were investigated. CH4 storage
performance curves are shown in Figure 6.8. For calcination temperatures at 350 and
400°C, a CH4 storage capacity of < 52% of the maximum amount of bare 5A was obtained
at time zero when the pressure of valve functioning test system was released down to 1 bar
for storage (Figure 6.8a-b). This suggests that the nanopores of MCM-48 layer were only
partially opened, and some template molecules were still left within the coating layer.
When calcination temperature increased to 450°C, as shown in Figure 6.8c, an initial CH4
storage capacity of 85% of the maximum amount of uncoated 5A was obtained. This was
close to the highest capacity potentially achievable with the current valve sorbents
considering the BET area decrease by about 19% after MCM-48 coating. Therefore, 450°C
seems to be an appropriate temperature to completely open MCM-48 coating pores. We
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did not further increase the calcination temperature in this study to avoid generating
potential cracks due to the thermal stress at elevated temperatures. The CH4 storage
capacity of MCM-48 coated 5A zeolite decreased gradually with time (Figure S4a-c), and
reached almost stable at 28.7%, 32.4% and 44.1% (20.9 V/V, 23.6V/V and 32.2V/V) of
the maximum capacity of bare 5A zeolite after 4 h as shown in Figure 6.2 under 350, 400
and 450°C calcination; after further modification by MLD, the stable CH4 storage capacity
reached 57.1% (41.7 V/V), as discussed below; in comparison, bare 5A can only hold 19%
(13.8 V/V) of the maximum capacity at the same pressure (Figure 6.2 and Figure 6.8d).
High resolution transmission electron microscopy (HRTEM) images of MCM-48 coated
5A adsorbent are shown in Figure 6.1c and Figure 6.9. The images indicated pore sizes are
in the range of 3.1-3.4 nm, which is the expected size range for the MCM-48 mesoporous
silica structure. For clarity, pore size histograms have been included as insets in each
HRTEM image. According to our estimation (See supporting Information) 3-nm pores
should be able to hold > 100 bar pressure drop. Therefore, we speculate, for MCM-48
(450°C calcination) coated 5A sorbent, that the drop of the CH4 storage capacity from 85%
to 44% was due to the non-uniform coating pore sizes; the high quality coatings with small
pores sealed adsorbed CH4 at an amount of 44% of the maximum capacity of bare 5A,
whereas the coatings with larger pores caused a gradual leak of CH4. The non-uniformity
can be improved by MLD post-treatment. MLD is a gas phase deposition technique capable
of depositing ultrathin conformal coatings on high aspect ratio substrate with accurate
angstrom-level coating thickness control.16,17 We prepared 3 cycles of MLD coating on the
450°C calcined MCM-48 coated 5A adsorbent (MLD-MCM-48-5A) (See Supporting
Information). After 3-cycle MLD treatment, the original MCM-48 pores were reduced to
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~1.34-1.42 nm (Figure 6.1d and Figure 6.10). We then conducted 3 cycles of CH4 storage
test on the MLD-MCM-48-5A adsorbent with 50 bar loading pressure and 1 bar storage
pressure. As shown in Figure 6.3, the CH4 storage capacity decreased with time for the first
3 h. The stable CH4 storage capacity was about 55.8-58.4% (40.7-42.6 V/V) of the
maximum capacity of the uncoated 5A beads, which was about 200% higher than storage
capacity of the uncoated 5A beads at the same storage pressure, suggesting good stability
and reversibility of our nano-valved adsorbents for CH4 storage. We made a comparison
of our nano-valve adsorbents with other representative porous materials, including metal
organic frameworks (MOFs) and covalent organic frameworks (COFs), for CH4 storage.
Figure 6.4 shows the CH4 storage capacity of our nano-valve adsorbents stored at 1 bar is
comparable to the reported materials with a storage pressure of 7-15 bar.
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Figure 6.3 Three cycles of CH4 storage test on MLD-MCM-48-5A adsorbent (loading
pressure 50 bar, storage pressure 1bar).

We have demonstrated the proof-of-concept of nanovalved adsorbents on a
commercially available adsorbent (zeolite 5A beads) displaying only moderate CH4 uptake
capacity. In principle, the amount of CH4 stored by the proposed concept can be highly
improved (to potentially reach the ARPA-E’s target for energy densities) by choosing
adsorbents having high CH4 uptakes at high pressures. Among these materials, MOF-177
20

, COF-102

11

, and COF-105-Eth-trans

11

have shown remarkably high volumetric and
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gravimetric densities at high pressures. As shown in Table 6.3, loading CH4 on these
materials at a pressure of 250 bar could meet the DOE ARPA-E’s energy density targets
for sorbent (volumetric energy density > 12.5 MJ/L, gravimetric energy density > 0.5 g
CH4/g sorbent.
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Figure 6.4 Comparison of nano-valve adsorbents with porous materials for CH4 storage:
CH4 storage amount versus CH4 storage pressure. Blue squares (1-8) represent porous
materials from literatures7,15,21-23; bulk density of methane is represented by black square
(9)21; red squares (10-11) indicate nano-valve adsorbents from this study.
6.4 SUPPORTING INFORMATION
6.4.1 NANO-VALVED ADSORBENT SYNTHESIS
MCM-48 solution was prepared by dissolving sodium hydroxide (98%, SigmaAldrich) and CTAB (cetyltrimethyammonium bromide) in deionized water at 40°C. The
mixture was stirred for 30 minutes before adding TEOS (tetraethylorthosilicate). The molar
composition of the solution was 1.0 TEOS: 0.48 CTAB: 0.46 NaOH: 56.0 H2O. The
solution was stirred for another 60 minutes and then it was transferred to autoclave, in
which the 5A zeolite beads (2.5 mm diameter from W.R.Grace & Co) were placed. The
MCM-48 solution and the 5A zeolite beads were hydrothermally treated at 100°C for 72
h. Then, the coated beads were removed from the autoclave, washed gently with water, and
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dried at 120°C overnight. The template (CTAB) was removed by calcination in air in the
350-450 C range for 4 h with a heating and cooling rate of 1°C/min.

Figure 6.5 Diagram of coating procedure for MCM-48-5A adsorbent and pictures of
samples.

6.4.2 GAS SORPTION MEASUREMENT
Ultra-high purity CH4 (99.999%), and He (99.999%) were purchased from Airgas.
Gas adsorption isotherms were measured by a volumetric method using a home-built
adsorption system. Sorbent was firstly outgassed at 200°C for 2 h. Helium was then used
to calibrate the volume of adsorption cell with sorbent at 20°C. After vacuum to remove
residue gasses in the adsorption system, CH4 was introduced at 20°C. The pressure change
was collected in real time using a Swagelok E model transducer (0.0-100.0 psia) for low
pressure, an ASHCROFT (0-200 bar) transducer for high pressure, and LabVIEW 2012
software.
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Figure 6.6 Adsorption isotherm of uncoated 5A zeolite beads at 20°C.

6.4.3 NANO-VALVE FUNCTIONING TEST
In a typical nano-valve functioning test (Figure 6.7), approximately 0.5g of
adsorbent is added to the adsorption tank. A vacuum pump is used to evacuate the sample
at 200°C and reference lines before testing. Then, CH4 is introduced to the system at 50 bar
and allowed enough time to reach equilibrium. When CH4 adsorption reaches equilibrium
at 50 bar, we then adjust the TESCOM back pressure regulator (R1) and BROOKS 5850
E series mass flow controllers (MFC-1, MFC-2) to have CH4 continuously introduced to
the system by closing V3, opening the valves V2, V8, V7 and V4 to maintain the whole
system pressure at about 50 bar. Next, sealing molecule (2,2-DMB) vapor, in the reference
tank, will be blown into the adsorption tank by a slow CH4 flow. The sealing molecule
vapor is used to seal the porous coating layer on the adsorbents. After 1 h, the valve V2 is
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closed to stop feeding the CH4, while maintaining the valve V1, MFC-2 open and adjust
the R1 to release the system pressure gradually from 50 bar to 1 bar within 1 h. After
reaching~1 bar, the storage system is closed (valves V1, V3, and V5 were closed) and the
pressure change is monitored to calculate CH4 leakage rate. After storage test, the sample
cell is heated to 150°C to desorb the CH4 sealed inside the coated adsorbents. The amount
of CH4 stored is calculated based on the system volume, pressure, and temperature.
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Vacuum

V8

3
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MFC-2
6

Adsorbents

Figure 6.7 Nano-valved sorbent functioning testing system. 1-pressure transducer, 2adsroption tank, 3-reference cell, MFC-mass flow controller, R1-back pressure regulator,
V1-V8 valve.

Before we conducted QC testing for sorbents with coating, we examined the
accuracy of calculating adsorbed CH4 amount in sorbents by collecting CH4 in gas phase
by heating sorbents to 150-200°C. Specifically, we pressurized adsorption cell to ~2 bar
and allowed CH4 adsorption to reach steady state. Once it reached steady state, the

122

adsorbed amount in sorbents will be known from the adsorption isotherm. Then, the
adsorption cell will be heated to a desired temperature between 150 and 200 °C to desorb
CH4 to the gas phase. By comparing CH4 in the gas phase before and after heating, adsorbed
amount of CH4 is calculated. From our experiments for 5 sorbents, we found this method
gave consistent adsorbed amounts with adsorption isotherm, and variation was within 3%.
Therefore, our QC evaluation method is highly reliable.
Through these studies screened by low pressure QC test, the sample showed the
highest amount of CH4 stored will be selected for high pressure QC testing.
6.4.4 Molecular layer deposition on MCM-48-5A adsorbent
The MLD coatings were prepared by using trimethyl aluminum (TMA)
(Al(CH3)3; 97%, Sigma Aldrich) and ethylene glycol (HO(CH2)2OH; 99%, Alfa Aesar)
as precursors. Each MLD cycle started with 240 s vacuum. TMA was fed into the reactor
until a pressure of 300 mTorr and then settled for 120 s; 240 s vacuum was followed to
evacuate extra unreacted TMA. Ultrahigh purity N2 (Airgas) was used as the purge gas at
20 sccm for 30 second. Then 240 s vacuum was applied to evacuate N2. Ethylene glycol
(EG) was then introduced into the reactor until a pressure of 50 mTorr and settled for 120
s; then the above evacuation and purge operation were repeated for EG dosing. This
whole process finishes one MLD cycle. MLD reactions were conducted at 100 °C. After
3 cycles of MLD modification, the coated samples were heated in air from room
temperature to 250°C at a rate of 1°C/min, kept at 250°C for 4 h, and then cooled to room
temperature at the same rate.
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Figure 6.8 CH4 storage test (loading pressure 50 bar, storage pressure 1bar) on MCM-485A adsorbent calcined at 350°C (a); calcined at 400°C (b); calcined at 450°C (c); uncoated
5A zeolite (d).

6.4.5 CHARACTERIZATION
6.4.5.1 SEM.
SEM images were collected on a Nova NanoSEM 600 FEI with an acceleration
voltage of 10 kV. EDX was carried out to determine the composition of selected samples.
6.4.5.2 HRTEM
FEI Tecnai F20 transmission electron microscope operated at 200 KV was used to
analyze the pore size of the MCM-48-5A and MLD-MCM-48-5A adsorbents. The samples
were dispersed on lacey carbon films supported on 300 mesh TEM copper grids and Zcontrast scanning TEM (STEM) images were collected at spatial resolution of ~ 0.2 nm
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using nanoprobe and Fischione Model 3000 High Angle Annular Dark Field (HAADF)
detector. ImageJ, freely available software, was used to analyze STEM images and measure
pores size distributions.
6.4.5.3 BET
N2 BET surface areas were collected in a Micromeritics Tristar-3000 porosimeter
at 77 K using liquid nitrogen as coolant. Before measurements, the samples were degassed
at 300 ºC for 6 h.
6.4.5.4 Hg POROSIMETRY
Hg measurements were collected in a Autopore IV porosimeter. The volume of
mercury in the penetrometer’s stem was measured by determining the penetrometer’s
electrical capacitance. Autopore IV software was used to convert this electrical capacitance
into data points showing the volume of mercury penetrating the pores of the sample.
6.4.6 ESTIMATION OF THE MAXIMUM HOLDING PRESSURE OF
NANOPORES FILLED WITH ADSORBATES
We used Young-Laplace equation to estimate to the maximum holding pressure for
nanopores filled with condensed sealing molecules:
P = 2cos /r,
where P is the pore-entry pressure, is the liquid surface tension, is the contact angle,
and r is pore radius. When 2,2-dimethylbuatne (DMB) is used as the sealing molecule in
1.5 nm alumina or silica pores, the estimated pressure that can push the liquid out of the
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pore is approximately 200 bar, given the surface tension of DMB is 15.7 mN·m-1 (J. Chem.
Eng. Data 2009, 54 (6) 1761) and assuming DMB completely wets the pore wall.
Table 6.1. Atomic EDS analysis for MCM-48-5A.
Element
Al
Si
O
Ca
Na

5A region (points
4-6)
19.8
22.3
49.6
3.5
4.8

MCM-48 region
(points 1-3)
0.0
31.4
68.6
0.0
0.0

Table 6.2. BET area before and after MCM-48 coating.
BET area (m2/g)
453
367

Sample
5A zeolite beads
MCM-48-5A adsorbent

% of reduction
baseline
19

Table 6.3. Energy densities of sorbents at 25°C with loading pressures of 250 and 300
bar.
Energy density at 250 bar
Material

MOF-177
COF-102
COF-105-Ethtrans

Crystal
density
(g/mL)

Volumetri
c (MJ/L)

Gravimetric
(g CH4/g
sorbent)

0.42
0.42

12.7
13.0

0.54
0.56

0.26

13.2

0.91
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Energy Density at 300
bar
Gravimet
Volumetri
ric
c (MJ/L) (g CH4/g
sorbent)
13.3
0.556
13.5
0.578
13.9

0.962

a

b
d = 3.17 nm

c

d = 3.26 nm

d
d = 3.09 nm

d = 3.39 nm

Figure 6.9. HRTEM images and pore sizes of MCM-48-5A adsorbents.

a

b

d = 1.42 nm

d = 1.38 nm

Figure 6.10 HRTEM images and pore sizes of MLD-MCM-48-5A adsorbents.
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6.5

CONCLUSION
A novel concept of utilizing nanoporous coatings as effective nano-valves on

microporous adsorbents was developed for high capacity natural gas storage at low storage
pressure. Using 5A zeolite as a model adsorbent, ~7.5 µm thick, optimized MCM-48
coating with an average pore size of 3.25 nm was deposited on the external surface of the
5A beads. The nanopores of the MCM-48 coating functioned as a valve that can be opened
and closed on demand. CH4 was loaded at high pressure (≥50 bar) with the nano-valve
open. The nano-valve was closed by adsorbing DMB in the pores of MCM-48 coating
when the adsorbent was fully loaded. The loaded adsorbent can be stored at low pressure
(~1bar) and the nano-valves can be opened again for releasing the stored CH4 by desorbing
DMB. After 4 h storage at low pressure (1 bar), MCM-48 coated 5A adsorbent can hold
44.1% (32.2 V/V) of the maximum capacity of bare 5A beads (73 V/V). After further pore
size reduction to ~1.4 nm by molecular layer deposition (MLD), the CH4 storage capacity
increased to 55.8-58.4% (40.7-42.6 V/V) of the maximum capacity of the bare 5A beads,
which was about 200% higher than storage capacity of the bare 5A beads at the same
storage pressure.
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CHAPTER 7:
CONCLUSIONS
This thesis mainly focuses on study the preparation of porous metal oxide coatings
by molecular layer deposition (MLD) and its application on porous materials pore size
modification for selective adsorption separation, water purification and gas storage.
First, we demonstrated a completely new concept, pore misalignment, to
continuously fine-tune the effective pore size of 5A zeolite by changing microporous Al2O3
coating thickness prepared by MLD for small organic molecules separation, whereas the
internal cavity of zeolites are be maintained. This novel concept has great potential to be
utilized to fill pore size gaps of the zeolite family and to design zeolite-based molecularsieving sorbents for selective separation of molecules with very small size differences.
In addition to studying Al2O3 MLD porous coatings, ultrathin porous TiO2 coatings
were also deposited by MLD on 5A zeolite surface to modify zeolite pores. The effective
pore size of 5A zeolite was reduced to be smaller than the size of butane (0.46 nm) by a
~25-nm thick MLD TiO2 coating. As a result, The TiO2 MLD coated zeolite showed great
potential for achieving propylene/propane separation based on both equilibrium and
diffusivity difference.
Additionally, we found that the adsorptive separation performance of TiO2 MLD
coated zeolite (5A and 13X) sorbents can be further modified by varying the calcination
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conditions. The optimized composite sorbents showed greatly improved CO2/N2 selectivity
while maintaining high CO2 adsorption capacity. Specifically, our sorbents showed a
CO2/N2 selectivity as high as 43-77 and CO2 adsorption capacity of 1.04-2.32 mmol/g at
0.5 bar and room temperature. Their separation performance is superior to most of the
reported sorbents for CO2 capture.
Moreover, TiO2 nanofiltration membranes were prepared for the first time by using
MLD technique. Influence of cycles of MLD on hybrid coating quality was investigated.
Our results showed a defect-free, dense titanium alkoxide MLD coating was formed after
complete pore filling on anodic alumina oxide (AAO) support, and approximately 1 nm
pores can be effectively generated by calcination at 250oC in air. The AAO-60TiO2
membrane showed a high pure water permeability of 48 L/(m2·h·bar) and high rejection
for methylene blue and natural organic matter, moderate rejection for salts, and good
antifouling performance as well as recovery capability. Compared with traditional sol-gel
method, MLD has the potential advantages of precise pore size control, simple fabrication
process, and ability to scale up. We expect MLD will become a new method for preparing
TiO2 nanofiltration membranes with well controlled thickness, composition, and
membrane pore sizes.
Finally, a novel concept of utilizing nanoporous coatings as effective nano-valves
on microporous adsorbents was developed for high capacity natural gas storage at low
storage pressure. Using 5A zeolite as a model adsorbent, ~7.5 µm thick, optimized MCM48 coating with an average pore size of 3.25 nm was deposited on the external surface of
the 5A beads. The nanopores of the MCM-48 coating functioned as a valve that can be
opened and closed on demand. CH4 was loaded at high pressure (50 bar) with the nano-
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valve open. The nano-valve was closed by adsorbing DMB in the pores of MCM-48
coating when the adsorbent was fully loaded. The loaded adsorbent can be stored at low
pressure (~1bar) and the nano-valves can be opened again for releasing the stored CH4 by
desorbing DMB. After 4 h storage at low pressure (1 bar), MCM-48 coated 5A adsorbent
can hold 44.1% (32.2 V/V) of the maximum capacity of bare 5A beads (73 V/V). After
further pore size reduction to ~1.4 nm by MLD technique, the CH4 storage capacity
increased to 55.8-58.4% (40.7-42.6 V/V) of the maximum capacity of the bare 5A beads,
which was about 200% higher than storage capacity of the bare 5A beads at the same
storage pressure.
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